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INTRODUCTION activating proteins (GAPs), as well as downstream effectors

The establishment of cell polarity is an important compo-
nent of the overall process of cellular morphogenesis, the com-
plex process by which the three-dimensional organization of
subcellular constituents, which ultimately determines an or-
ganism’s characteristic growth patterns and shape, is generated
and maintained. The generation of cell polarity is critical for
the control of many cellular and developmental processes such
as shape development in early plant and animal embryogene-
sis, axon migration and neurite outgrowth in early develop-
ment, the intracellular movement of organelles and proteins in
polarized epithelial cells, the stimulated secretion of neuro-
transmitters, the directed movement of migratory cells, polar-
ized growth within yeast and fungal cells, and the asymmetric
partitioning of new cellular constituents during cell division.
Establishment of cell polarity involves the generation of cellu-
lar asymmetry through the localized temporal and spatial ac-
tivation of cellular processes and can be divided into several
hierarchical and interdependent events. These events include
the initial response to endogenous and/or exogenous signals,
the determination of an axis of polarization relative to these
signals, and the subsequent asymmetric distribution of cellular
components along that axis. At the molecular level, cell polar-
ity is best understood in the budding yeast Saccharomyces
cerevisiae, but results from studies in fission yeast Schizosac-
charomyces pombe, Drosophila, Caenorhabditis elegans, and cul-
tured mammalian cells strongly suggest that the molecular
mechanisms controlling cell polarity in S. cerevisiae are highly
conserved in other eukaryotes. Due to the abundance of recent
reviews on cell polarity and signaling (26, 69, 77, 100, 126, 170,
177, 202, 216, 218, 246, 281, 346, 347, 350, 382, 464, 465, 467,
511, 520, 587) and on the roles of Rho-type GTPases in these
processes (46, 61, 120, 141, 171, 186, 192, 225, 241, 288, 290,
325, 326, 337, 344, 419, 441, 473, 477, 478, 544, 550, 552, 572,
578, 638, 644). T will limit this review to a discussion of the
Cdc42p GTPase, its identification, its structure and subcellular
localization, its function(s) in controlling cell polarity, and its
regulators and effectors.

It is becoming increasingly apparent that the Cdc42p
GTPase and other Rho-type GTPases play a vital role in reg-
ulating the signal transduction pathways that control the gen-
eration and maintenance of cell polarity in many, if not all,
eukaryotic cell types. The Cdc42p GTPase signaling module
consists of regulators of the guanine nucleotide-bound state of
Cdc42p, i.e., guanine nucleotide exchange factors (GEFs), gua-
nine nucleotide dissociation inhibitors (GDIs), and GTPase-

of Cdc42p function (Table 1). The regulators of the guanine
nucleotide-bound state of Cdc42p must respond to a variety
of exogenous and/or endogenous signals, thereby activating
Cdc42p to a GTP-bound state or inactivating it to a GDP-
bound state. A myriad of Cdc42p downstream effectors inter-
act with the activated (GTP-bound) form of Cdc42p, thereby
inducing a number of downstream events, including rearrange-
ments of the actin cytoskeletal network and protein kinase-
dependent induction of transcription, which are increasingly
coming into view. Interactions between the 21-kDa Cdc42p
GTPase and this host of regulators and effectors must be con-
trolled in a temporal and spatial manner so that Cdc42p can
function at different times within the cell cycle and at different
places within the cell. Cdc42p function is also regulated by its
subcellular localization, which depends on its prenylation state
and interactions with its GDI.

Cdc42p STRUCTURE AND FUNCTIONAL DOMAINS

Identification of Cdc42

The Cdc42p GTPase was first identified from an S. cerevisiae
mutant strain carrying a temperature-sensitive (f5) mutation,
cdc42-1%, that blocked bud formation at 37°C but allowed the
cell mass and volume to increase, resulting in greatly enlarged,
unbudded cells (2). Although cell division was arrested at 37°C,
DNA replication and nuclear division continued into the next
cycle, resulting in multinucleate cells as determined by DNA
staining with the fluorescent dye 4’,6-diamidino-2-phenylin-
dole (DAPI) and mitotic spindle staining with anti-tubulin
antibodies. Fluorescence microscopy with rhodamine-conju-
gated phalloidin showed that the polarized organization of the
actin cytoskeleton (i.e., cortical actin distribution to the regions
of new cell growth in the bud and actin cables directed into the
enlarging bud) was disrupted, indicating that Cdc42p func-
tioned in the organization of the actin cytoskeleton, which is
necessary for polarized cell growth. Chitin and other cell sur-
face materials were deposited uniformly throughout the en-
larging cell walls, in contrast to their normal polarized patterns
of deposition. Growth of the cdc42-1" strain at semipermis-
sive temperatures led to a small percentage of cells with
elongated buds. Taken together, these observations suggested
that Cdc42p controls polarized cell growth during the cell cycle
but that isotropic incorporation of new cell wall material was
not impaired through the loss of Cdc42p function. Examina-
tion of the cdc42 null phenotype in S. cerevisiae and S. pombe
indicated that Cdc42p was essential for viability (242, 390).
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TABLE 1. Cdc42p potential regulators and effectors”

Regulator or effector S. cerevisiae S. pombe Drosophila C. elegans Mammals
Regulators
GEFs Cdc24 Scdl Drt-GEF? Unc-73? Dbl
DRho-GEF? Ber
DRho-GEF2? Abr
Dbs
Tiam-1
Ect2
Ost
FGD1
Brx
GDIs Rdil ? ? ? Rho-GDI
GAPs Bem3 ? RnRac-GAP? Ce-GAP? Cdc42GAP/p50rhoGAP
Rgal/Dbm1 Ber
Rga2 Abr
p190GAP
n-Chimaerin
3BP-1
Graf
RalBP1/RLIP76/RIP1
MgcRacGAP
PARGI1
myr5
CdGAP
Effectors
Kinases Ste20 Pak1/Shk1 DPAK Ce-PAK PAK1
Cla4 Pak2 cMEKKSs PAK2
Skm1 PAK3
ACK-1, ACK-2
MLK3
MEKKSs
Others Bnil, Bnrl Fusl, Cdc12? diaphanous ? Formins, p140mDia
Iqgl1/Cykl ? ? ? IQGAPs
Beel/Las17 ? ? ? WASPs
Gicl, Gic2 ? ? ? ?
Zdsl1, Zds2 ? ? ? ?
Bem4/Rom7 ? ? ? ?
? ? ? ?

pp70-S6 kinase

“ Proteins that have in vitro Cdc42p GEF, GAP, or GDI activity or that contain structurally homologous domains are listed. See the text for details on potential in

vivo functions and complete references.

DNA and predicted amino acid sequence analysis (242) in-
dicated that Cdc42p belongs to the Rho subfamily of the Ras
superfamily of GTPases that act as molecular switches in the
control of a variety of eukaryotic processes (191, 239, 241, 242,
642) (see below). At about the same time, a ~25-kDa guanine
nucleotide binding protein was purified from bovine brain and
human placental membranes (140, 461, 582), and peptide se-
quences from this protein, termed G, or G25K, showed a high
degree of similarity to S. cerevisiae Cdc42p (242, 461). This
protein was shown to be a good in vitro substrate for epidermal
growth factor (EGF)-stimulated phosphorylation (209), al-
though the in vivo phosphorylation of Cdc42p has not been
reported to date. Subsequent analysis of the predicted amino
acid sequence from two independent human cDNA isolates
indicated the existence of two highly conserved (95% identical)
proteins, the ubiquitously expressed Cdc42Hs (525) and the
brain isoform G25K (407). The Cdc42Hs and G25K proteins
are identical in both nucleotide and predicted amino acid se-
quences up to amino acid 163 but diverge from residues 163 to
191, suggesting that these isoforms are differential splicing

products of a single gene. Structural and/or functional Cdc42p
homologs have subsequently been characterized in the patho-
genic yeast Candida albicans (394), S. pombe (390), C. elegans
(88, 500), Drosophila (336), chicken (Gallus gallus) cochlea
(172), mouse (Mus musculus) liver (172) and brain (367), and
dog (Canus familiaris) (GenBank accession no. Z49944), and
these homologs are 80 to 95% identical in predicted amino
acid sequence (241) (see below) (Fig. 1). S. pombe, Drosophila,
and C. elegans Cdc42p, as well as Cdc42Hs and G25K, can
complement the cdc42-1° mutant (88, 390, 407, 507, 525),
suggesting that Cdc42p may have conserved functions in these
other eukaryotes.

The Cdc42 family of proteins currently has 11 members
ranging in size from 190 to 192 amino acids (Fig. 1A). Within
this family, there is a very high degree of sequence conserva-
tion, ranging from ~75% amino acid identity between C. al-
bicans Cdc42p and the human brain isoform G25K to 100%
identity between the dog, mouse, and human Cdc42p and
100% identity between the mouse brain and human brain
(G25K) isoforms. Cdc42 proteins display ~40% similarity to
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FIG. 1. Cdc42p mutations and X-ray crystal structure. (A) Comparison of Cdc42p sequences from S. cerevisiae (Sc [242]), C. albicans (Ca [394]), S. pombe (Sp [390]),

C. elegans (Ce [88]), D. melanogaster (Dm [336]), chicken (Gd [172]), dog (Cf [GenBank no. Z49944]), mouse (Mm [172]), human (Hs [525]), mouse brain (Mmb [367]),
and human brain (G25K [407]). Included are the known Cdc42 mutations mapped onto the primary amino acid sequences and the known functional domains: GTP

structure elements indicated below the sequence are taken from reference 145. (B) Two views of the X-ray crystal structure of Cdc42Hs complexed with GDP (kindly

binding/hydrolysis domains (blue boxes), effector domain (red box), Rho insert domain (purple box), and membrane localization domain (green box). Secondary-
provided by N. Nassar and R. Cerione, Cornell University). Color coding for functional domains is the same as in panel A.
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TABLE 2. Compendium of cdc42 mutations

Mutation Cdc4?2 tested” Phenotype Reference(s)*
G12v Sc, Sp, Dm, Hs Dominant activated; GTPase defective; GTP bound 210, 336, 390, 642
T17N Sp, Dm, Hs Dominant negative; apo or GDP bound 336, 447
T25K Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
N26D Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
F28L Hs Rapid nucleotide exchange; transforms NIH 3T3 cells 327
Y32K Hs Loss of Cdc24-stimulated GDP dissociation; reduced binding to Cdc42-GAP, IQGAP1, 309, 310, 323, 379

IQGAP2, and mPAK-3 CRIB domains
T35A Sc, Sp, Hs Loss of binding to Cdc24 and CRIB-containing effectors; suppresses G12V and D118A 116, 447
F37A Hs Slight loss of JNK1 activation; disrupts Rac activation; does not affect actin polymerization 291

or filopodium formation
F37E Hs Loss of Cdc24-stimulated GDP dissociation 323
D38E Hs Reduced binding to IQGAP1, IQGAP2, and mPAK-3 CRIB domain 310, 379
Y40C Hs Reduced binding to CRIB-containing effectors; does not affect actin polymerization and 291

filopodium formation
Y40K Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
V44A Sc Morphogenesis checkpoint; G,/M delay; reduced binding to Cdc24, Cla4, Gicl, Gic2 116, 475a
TS8A Sc, Sp ts loss-of-function 391
Q61L Sc, Sp, Hs Dominant activated; GTPase defective; GTP bound 642
D63L Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
D65K Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
R66D Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
R68A Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
P69A Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
S71P Sc, Sp ts loss-of-function 391
F78L Hs Wild-type response to Cdc24-stimulated GDP dissociation 323
S86P Sc Loss of binding to Cdc24; cs dominant negative; suppresses G12V 116
S88D Hs Specifies interaction with p190-GAP 322
S89P Sc ¢s dominant negative; suppresses G12V 116
WI7R Sc, Sp ts (Sc), cs (Sp) loss-of-function 391
Q116K Hs Loss of Cdc24-stimulated GDP dissociation 323
11178 Sc Loss of binding to Cdc24 116
D118A Sc, Sp, Hs Dominant negative (Sc); activated (Sp); sequesters Cdc24 116, 390, 641, 642
T138A Sc Loss of binding to Cdc24 116
G142S Sc Component of cdc42-1% allele 391
C157R Sc Partial cs dominant negative 116
L165S Sc Loss of binding to Cdc24 116
K183-187Q Sc Partial delocalization of protein; suppresses G12V 116
K186R Sc ts loss-of-function; higher intrinsic GTPase activity 391
C188S Sc, Sp, Hs Prenylation defective; delocalized protein; intragenic suppressor of G12V, Q61L, 642, 643

D118A mutations

“ This is not a complete set of references for the analysis of these mutations. See Fig. 1 for a map of these mutations on the Cdc42p primary amino acid sequence

and the text for additional references.
b Sc, S. cerevisiae; Sp, S. pombe; Dm, Drosophila; Hs, H. sapiens.

other Ras-like GTPases, but this similarity is clustered in the
four domains implicated in GTP binding and hydrolysis (Fig. 1,
blue boxed domains). The most obvious difference between
Cdc42p and Ras protein sequences in these domains is in
amino acids 115 to 118. Ras proteins contain the diagnostic
sequence Asn-Lys-Xaa-Asp (NKXD, where X is any amino
acid), while all Cdc42p proteins contain the signature sequence
Thr-Gln-Xaa-Asp (TQXD, with X being predominantly an Ile
residue). It has been postulated that these differences may
account for the ~10-fold-higher rate of GTP hydrolysis ob-
served with Cdc42p proteins than with Ras proteins (210), but
this has not been experimentally tested to date (see “GTPase-
activating proteins” below). All Cdc42 proteins contain the
C-terminal sequence Cys-Xaa-Xaa-Leu except for the two
brain isoforms (Cdc42Mmb and G25K [Fig. 1]), which end in
a Phe residue. This conserved domain is necessary for proper
membrane anchorage of Cdc42 proteins (see “Prenylation and
subcellular localization” below). Much that is known about the
functional domains of Cdc42p has been determined by analyz-
ing gain-of-function, loss-of-function, and dominant negative
mutations (shown in Fig. 1). A compendium of these muta-
tions, along with their mutant phenotypes, is listed in Table 2.

Cdc42Hs Three-Dimensional Structure

The numerous cdc42 mutations analyzed to date (see below)
have greatly aided in defining functional domains within
Cdc42p. However, without the information derived from the
crystal structure of purified Cdc42, these mutations do little to
clarify the global structure of Cdc42 and hence the multiple
interactions between Cdc42 and its regulators and effectors.
This problem has recently been resolved with the determina-
tion of the solution structure of Cdc42Hs by nuclear magnetic
resonance (NMR) spectroscopy techniques (145), along with
the determination of the X-ray crystal structure of Cdc42Hs
bound to GDP (Fig. 1B) (413a). Several of the more interest-
ing and informative mutations have been mapped onto the
crystal structure (Fig. 1), and they highlight the potential func-
tional domains of Cdc42p. The four domains implicated in the
binding and hydrolysis of GTP are highlighted in blue in Fig. 1.
The structure of these domains is similar to those found in the
Ras and Rac crystal structures, highlighting the conservation of
structure and function between different guanine nucleotide
binding proteins.

Clearly, one of the more interesting and functionally impor-
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tant domains is the effector or switch I domain between resi-
dues 26 and 50 (highlighted in red in Fig. 1) (see “Effector
domain” below). This domain forms an extended B2-strand/
loop structure covering a large proportion of one face of the
molecule. Based on its extended structure, it is easy to see how
different effectors or regulators of Cdc42p could bind to dif-
ferent subdomains of the effector domain, possibly at the same
time, as suggested by the analysis of different effector domain
mutations. One effector/regulator could be bound to the N-
terminal proximal domain around residue 35, which is in close
proximity to the bound nucleotide, while another could be
bound to the N-terminal distal region around residue 44. In
addition, binding of an effector protein to this domain could
interfere with the binding of other effector/regulator proteins
to this domain, thereby providing a basis for the regulation of
the myriad of Cdc42-dependent cellular processes.

The domain that makes Rho-type GTPases unique within
the Ras superfamily is the so-called Rho insert domain (high-
lighted in purple in Fig. 1). This extra ~13 amino acids is
a-helical and has been implicated in Cdc42 interactions with
one of its downstream effectors, the IQGAPs (379, 605), as
well as its GDIs (605). In studies with a chimeric Cdc42Hs in
which the insert domain between residues 120 to 139 was
replaced with residues 121 to 127 of Ha-Ras, the resulting
Cdc42Hs-ALS protein showed a two- to threefold-reduced af-
finity for the carboxyl-terminal (97-kDa) half of IQGAPI,
which contains the GRD Cdc42 binding domain (379, 605) (see
“Cdc42p downstream effectors” below). While this Cdc42Hs-
ALS protein did not exhibit altered interactions with Rho-GDI
from the perspective of the ability of Rho-GDI to extract
Cdc42Hs-ALS from membranes, it had a greatly reduced sen-
sitivity to the Rho-GDI-dependent inhibition of GDP dissoci-
ation or GTP hydrolysis (605). These results suggest that the
insert domain is mediating some of the effects of the Rho-GDI.
Rho-GDI binding to Cdc42Hs requires C-terminal prenylation
(307) (see “Mammalian GDIs” below), suggesting that Rho-
GDI binds to the C-terminal prenylation domain. The fact that
the insert domain is on the other side of the Cdc42 molecule
from the C-terminal prenylation domain (Fig. 1B) makes it
likely that Rho-GDI binding induces a conformational change
in the structure of the insert domain, possibly leading to the
insert domain shifting its location to block the guanine nucle-
otide binding pocket, thereby “locking” the Cdc42 protein in
either a GDP- or GTP-bound state and inhibiting GDP disso-
ciation or GTP hydrolysis (see “Mammalian GDIs” below). It
is interesting that Ras proteins do not have an insert domain
and also do not seem to have physiological interactions with
GDI proteins. Recently, the insert domain was shown to play a
role in the ability of Cdc42 to transform NIH 3T3 fibroblasts
(606). The ALS8 deletion mutation (see above) could intrageni-
cally suppress the transforming ability of the Cdc425**" mutant
protein without affecting its ability to bind GTP, induce Jun
N-terminal kinase (JNK) and p21-activated kinase (PAK) ac-
tivities, or induce filopodium formation (see “Mammals” un-
der “Functional studies” below). These results further high-
light the ability of Cdc42p to differentially function in multiple
cellular processes through interactions between its different
structural domains and downstream effectors (see “Cdc42p
downstream effectors” below).

In addition to the effector domain, Cdc24p and other GEFs
interact with Cdc42 through other domains, including residues
82 to 100, which encompass the B4-strand—a3-helix region, and
residues 140 to 150, which encompass the a4-helix. The a3-
and a4-helices lie on the same face of Cdc42p highlighted by
the S86, W97, and G142 residues (Fig. 1B, right). The domi-
nant negative S§6P mutation lies in the loop region between
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the B4-strand and the «3-helix and it interferes with interac-
tions between S. cerevisiae Cdc42p and Cdc24p (116). Interest-
ingly, this loop region makes close contacts with residues in
the Rho insert domain (see above), and this region under-
goes chemical shift changes in NMR spectroscopy studies
upon binding of the nonhydrolyzable GTP analog GMPPCP
(145), suggesting that it may be an additional switch region
(i.e., switch III). The nature of the S86P dominant negative
phenotype is unknown, but it is not due to sequestration of
Cdc24p as is the mechanism of action of the D118A mutant
allele (116). The W97R (a3-helix) and G142S (a4-helix) mu-
tations are fs loss-of-function alleles in S. cerevisiae (391) and
although their mechanisms of action are unknown, the W97R
mutation leads to a bud site selection defect, implicating Cdc42p
in the initial selection of a nonrandom bud emergence site.
Taken together, these observations show that the face of Cdc42p
defined by the a3- and a4-helices plays a critical role in Cdc42p
function. The structure and function of the C-terminal mem-
brane localization domain (highlighted in green in Fig. 1) are
discussed below (see “Prenylation and subcellular localization”).

GTP Binding and Hydrolysis Domains

The Cdc42 domains involved in guanine nucleotide binding
and GTP hydrolysis (blue boxes in Fig. 1) have been inferred
through structural similarities to domains in other GTPases
and through the analysis of activated and dominant negative
cdc42 mutations. The initial cdc42 mutations were analyzed
in S. cerevisiae (642) and were based on the paradigmatic
Ras mutations that led to oncogenic transformation. The
cdc42°'Y and cdc42°°'"" mutations are analogous to H-ras
mutations that cause a decreased level of intrinsic GTPase
activity, thereby shifting the mutant proteins to an “activated”
GTP-bound state. In S. cerevisiae, these cdc42 mutations were
lethal, resulting in large, multibudded cells with aberrant cor-
tical actin structures localized in multiple buds (642). These
phenotypes suggested that the mutant proteins were activated
and constitutively interacting with downstream components of
the pathway, leading to polarization, albeit incorrectly, of the
actin cytoskeleton. The H-ras®!'** mutation also leads to an
activated phenotype; however, this phenotype was mecha-
nistically due to an increased GDP dissociation rate, which
is thought to result in a higher probability of the protein
being in a GTP-bound state due to the higher concentra-
tion of GTP than of GDP in the cell. The phenotype of the
S. cerevisiae cdc42°''®* mutant was unexpected and differ-
ent from the cdc42°'Y and cdc42°°'" activated phenotypes.
The cdc42P''3* mutant phenotype was temperature-depen-
dent dominant lethal and resulted in large, round, unbudded
cells that were phenotypically similar to cdc42” mutants grown
at restrictive temperatures. This dominant negative phenotype
suggested that the Cdc42P''®* mutant protein could bind and
sequester the cellular factor(s) necessary for the budding pro-
cess (see “S. cerevisiae Cdc24p” below).

Expression of equivalent mutant proteins in S. pombe gave
different results (390). First, unlike the activated and dominant
negative phenotypes seen in S. cerevisiae, the morphological
phenotypes of cells overproducing the cdc42°'?Y, cdc42°°'",
and cdc42P%4 mutant gene products were similar to one an-
other. Second, the mutant constructs did not exert a dominant
lethal effect in S. pombe cells. Instead, S. pombe cells overpro-
ducing these mutant proteins exhibited an abnormal morphol-
ogy of enlarged, round or misshapen cells with delocalized
cortical actin structures, as opposed to the small, round cellular
morphology of cdc42 loss-of-function and dominant negative
mutants (390, 447). The cdc42P''** mutant phenotype also
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was temperature dependent in S. pombe, suggesting that the
mutant protein loses either a critical interaction or its three-
dimensional structure upon shift to higher temperature, lead-
ing to its mutant morphology. Interestingly, septum formation
was still evident in these mutant cells, even though the pres-
ence of an organized actin ring was not, suggesting that sep-
tation can occur in the absence of an actin ring. However, this
point must be clarified by experiments with either actin mu-
tants or actin polymerization inhibitors such as latrunculin A.

While activated or dominant negative cdc42 mutations have
not been analyzed in C. elegans to date, expression of the
cdc425'2Y allele in Drosophila ovaries led to defects in actin
distribution whereas expression of dominant negative cdc42
alleles led to defects in actin organization in imaginal discs and
wing hairs (see “Drosophila” under “Functional studies” be-
low), reinforcing a role for Cdc42p in regulating actin function.
For a discussion of mutations in mammalian Cdc42p, see
“Mammals” under “Functional studies” below.

Effector Domain

The so-called effector domain between residues 26 and 48 of
the Ras GTPase is required for downstream effector function
(370, 460). The effector or switch I domain between residues
26 and 50 is highly conserved among Cdc42 proteins (Fig. 1A)
but diverges among closely related but not functionally ho-
mologous Rac GTPases (239). The current paradigm is that
GTPases bind to GEFs when in the nucleotide-free or GDP-
bound state and bind to GAPs and downstream effectors when
in the GTP-bound state. Since the switch I and II (residues 60
to 76) domains are the predominant regions of GTPases that
change conformation upon binding different guanine nucleo-
tides, it is likely that multiple factors interact with these re-
gions. Given that Cdc42p interacts with multiple downstream
effectors along with regulatory factors such as GEFs and GAPs
(see “Cdc42p regulators” and “Cdc42p downstream effectors”
below), it is likely that the specificity of interaction will be
through either different residues within the Cdc42p effector
domain, competition between effectors and regulators, and/or
interactions at different times in the cell cycle.

A predominant binding partner for the effector domain is
the CRIB (for “Cdc42/Rac interactive binding”) domain (also
known as the PBD, GBD, or PAK domain [see Table 3]) found
in many Cdc42p downstream effectors, including the PAK fam-
ily of protein kinases (59). The highest-efficiency binding do-
main in the CRIB-containing PAK protein was residues 70 to
118, thereby defining the optimal CRIB domain as these 48
amino acid residues (558). In these studies, it was also shown
that this domain interacted with Cdc42p at a ~3- to 10-fold-
higher affinity than it interacted with Rac and that it interacted
with activated (Q61L) alleles at a 5- to 10-fold-higher affinity
than it interacted with the wild type, reinforcing the notion that
CRIB-containing interacting proteins function as downstream
effectors. A recent study in which NMR spectroscopy was used
to probe the interactions between Cdc42Hs and 46 amino acids
of the PAK CRIB domain showed that the CRIB binding do-
main surface on Cdc42Hs was the B2 switch I domain and part
of the loop between the al-helix and B2-strand (185). In ad-
dition, nuclear Overhauser effect contacts suggested that the
formation of an intermolecular B-sheet was the basis for the
Cdc42Hs-CRIB domain interactions. The CRIB domain of the
Wiskott-Aldrich syndrome protein (WASP) downstream effec-
tor (see “Cdc42p downstream effectors” below) was dis-
sected by a variety of biophysical techniques including fluo-
rescence spectroscopy, surface plasmon resonance, circular
dichroism, and NMR spectroscopy (498). The results indicated
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that a core 26-amino-acid fragment (residues 221 to 257) was
necessary for binding to GST-Cdc42, but higher affinity bind-
ing was observed with a larger (120-amino-acid) fragment (res-
idues 201 to 321), suggesting that the CRIB domain was nec-
essary but not sufficient for high-level binding. In addition,
these studies suggested that the isolated CRIB domain does
not exhibit any apparent secondary structure; it is unknown if
the CRIB domain would form a secondary structure, possibly
B-strands (see above), within the context of the entire protein.
Mutations that disrupt the interaction between Cdc42p and
downstream effectors should define the effector domain and
should suppress dominant activated cdc42°'?Y mutant pheno-
types. The T35A allele was thought to be a paradigmatic ef-
fector domain mutation in that it could interfere with the
ability of S. cerevisiae Cdc42p to interact with the PAK family
of protein kinases and could suppress the dominant-activated
cdc42°'Y mutant but could not complement the loss-of-func-
tion cdc42-1° allele. However, the T35A mutation also sup-
pressed the dominant negative S. cerevisiae cdc42”''84 allele
and interfered with two-hybrid protein interactions between
Cdc42P34p and the Cdc24p GEF (116), suggesting that the
effector domain may also interact with the Cdc24p GEF. Cor-
roborating this hypothesis are the results obtained with the
Y32K and F37E mutations in the Cdc42Hs effector domain,
which caused a loss of Cdc24-stimulated GDP dissociation (323),
and the Cdc42Hs F28L mutation, which led to rapid nucleo-
tide exchange and transformation of NIH 3T3 cells similar
to that seen with the Cdc24p homolog Dbl (327). Interesting-
ly, the T25K, N26D, and Y40K mutations within the Cdc42Hs
effector domain did not show a loss of Cdc24-stimulated GDP
dissociation (323), which could be a function of the individual
mutational changes or could indicate a level of specificity at the
individual amino acid residue for interactions with GEFs.
The S. cerevisiae cdc42V*** mutation represents a new class
of effector domain mutations in that it could complement the
cdc42-1" allele (475a), suggesting that it did not lead to a
nonfunctional protein; it also interfered with interactions with
the upstream effector Cdc24p (116). In addition, the cdc42V*4*
mutant displayed a morphological phenotype of elongated
buds with multiple nuclei, which is suggestive of either a delay
at the apical/isotropic switch and morphogenesis checkpoint
(see “S. cerevisiae” under “Functional studies” below) and/or a
defect in cytokinesis (475a). The V44A mutation interfered
with two-hybrid protein interactions between Cdc42p and the
S. cerevisiae Cladp PAK-like kinase but not the Ste20p or
Skmlp PAK-like kinases and also between Cdc42p and the
Giclp and Gic2p downstream effectors but not the Bnip or
Iqglp scaffold proteins (see “Cdc42p downstream effectors”
below). All of these proteins contain CRIB domains, suggest-
ing that the effector domain may differentially interact with
multiple CRIB domain-containing effectors. This hypothesis is
substantiated by mutations in the Cdc42Hs effector domain
that differentially affected interactions with mammalian down-
stream effectors (291, 379) (see “Cdc42p downstream effec-
tors” below). The Y40C mutation interfered with interactions
between Cdc42p and downstream PAKs and other proteins
containing CRIB domains, leading to a loss of p65°** kinase
activation in transfected COS fibroblasts, but it did not affect
Cdc42p-dependent actin reorganization, as evidenced by nor-
mal filopodium and integrin complex formation in Swiss 3T3
cells (291). The D38E mutation interfered with in vitro binding
to an mPAK-3 CRIB domain peptide (310) but had no effect
on the binding of two other downstream effectors, IQGAP1
and IQGAP2. The Cdc42Hs F37A mutation did not affect
interactions with CRIB-containing proteins or actin reorgani-
zation (291). Taken together, these results suggest that there
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are different classes of effector domain mutations that can be
distinguished by their morphological phenotypes and protein-
protein interactions. These different mutations may define in-
teractions with different effectors or regulators, thereby allow-
ing us to dissect the multiple pathways leading from Cdc42p
(see “Cdc42p downstream effectors” below). Given the possi-
bility that the Cdc42p effector domain interacts with CRIB-
containing proteins through formation of an intermolecular
B-sheet (see above), it is likely that the nature and orientation
of amino acid side chains emanating from the 2 strand (Fig.
1) have an influence on this differential binding. It should be
noted, however, that not all Cdc42p-interacting proteins con-
tain recognizable CRIB domains, suggesting that there may be
multiple mechanisms by which proteins interact with Cdc42p.

GEF Interaction Domains

In addition to the effector/switch I domain mutations that
affect interactions between Cdc42 and its GEFs, there are
mutations in other domains that affect either binding to GEFs
or GEF-induced GDP dissociation. Mutations within the
switch II domain, including D63L, D65K, R66D, R68A, P69A,
and F78L, did not affect Cdc24-stimulated GDP dissociation,
but the Q116K mutation in the Cdc42 signature GTP binding
domain did (323). Analysis of chimeric Cdc42Hs-RhoA pro-
teins indicated that residues 82 to 120 and 121 to 155 are
necessary for Cdc24 responsiveness (323). Within the first do-
main, the S86P and S89P mutations in S. cerevisiae Cdc42p led
to a cold-sensitive, dominant negative phenotype and, in the
case of S86P, led to a loss of interaction with Cdc24p (116).
Similar mutations in Drosophila Cdc42p also led to a dominant
negative phenotype (see “Drosophila” under “Functional stud-
ies” below). Other mutations that led to a loss of interaction
with Cdc24p in S. cerevisiae included the 1117S mutation within
the Cdc42 signature GTP binding domain and the T138A and
L165S mutations (116). In addition, the C157R mutation with-
in one of the highly conserved GTP binding domains led to a
partially cold-sensitive dominant negative phenotype. The C-
terminal membrane localization domain (see “Prenylation and
subcellular localization” below) does not seem to be necessary
for GEF interactions (323). Interestingly, the S86, S89, and
T138 residues all lie on the same face of the Cdc42 protein
(Fig. 1B), suggesting that this may be a conserved interactional
interface between Cdc42p and its GEFs.

PRENYLATION AND SUBCELLULAR
LOCALIZATION

In all organisms examined, Cdc42p is prenylated with a C,,
geranylgeranyl isoprene group at a C-terminal Cys residue, and
this prenylation is necessary for the membrane attachment of
Cdc42p. S. cerevisiae and S. pombe Cdc42p fractionated into
both soluble and particulate fractions, suggesting that Cdc42p
can exist in two cellular pools (390, 643). S. cerevisiae Cdc42p
was found predominantly in the particulate fraction, but a
significant soluble pool, up to ~20% in some instances, could
be observed. Given the existence of GDI proteins in S. cerevi-
siage and mammalian cells that can interact with Cdc42p and
extract Cdc42p from membranes (see “Guanine nucleotide
dissociation inhibitors” below), the soluble pool of S. cerevisiae
Cdc42p is probably either nonprenylated or complexed with
the rho-GDI protein Rdilp (267, 373). The particulate form of
Cdc42p could be solubilized by added detergent but not by
added NaCl or urea, suggesting that Cdc42p was tightly asso-
ciated with either a cellular membrane or a cytoskeletal com-
plex. When synchronous cultures were used, the fractionation
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pattern of S. cerevisiae Cdc42p did not appear to vary through
the cell cycle (643). However, recent studies indicating that
Cdc42p functions at different places in the cell at different
times of the cell cycle (see below) suggest that fractionation
patterns may not be a very sensitive measure of Cdc42p local-
ization.

By using Cdc42p-specific antibodies in immunofluorescence
and immunoelectron microscopy, S. cerevisiae Cdc42p was lo-
calized to the plasma membrane at sites of polarized growth
(642, 643). These sites coincided with the sites of cortical actin
localization and included invaginations of the plasma mem-
brane at the site of bud emergence, the tips of growing buds,
and the tips of mating projections in pheromone-arrested cells
(3, 259). This localization pattern was consistent with Cdc42p
functioning in controlling polarized cell growth during the mi-
totic cell cycle and mating. Recently, functional green fluores-
cent protein (GFP)-Cdc42p fusion proteins have been local-
ized to the mother-bud neck region in S. cerevisiae and the
septum area in S. pombe, suggesting that Cdc42p also plays a
role in cytokinesis and/or septation in both yeasts (508a). This
localization of Cdc42p at different sites of polarized growth
during the S. cerevisiae cell cycle, which is mirrored by the
localization of the actin cytoskeletal network, suggests that the
subcellular localization of Cdc42p is under temporal and spa-
tial control during the cell cycle. It should be noted that
Cdc42p localization to sites of polarized growth was not dis-
rupted by incubation with the actin-depolymerizing drug la-
trunculin-A (21), suggesting that Cdc42p localization occurs
independently of actin localization and of the structural integ-
rity of the actin cytoskeleton.

S. cerevisiae Cdc42p contains the C-terminal '**Lys-Lys-Ser-
Lys-Lys-Cys-Thr-Ile-Leu sequence which is essential for the
membrane localization of Cdc42p. In the Cdc42Hs NMR and
crystal structures, this region forms a flexible tether that is
separated from the body of Cdc42Hs by two Pro residues at
positions 179 and 180 (145) (Fig. 1B), thereby allowing the
bulk of Cdc42p to be sterically unhindered by membrane at-
tachment and accessible for binding to other proteins. This
region is modified by geranylgeranylation at the Cys'®® residue
(indicated by an underbar in the above sequence), which is
necessary for its anchoring within the plasma membrane (147,
643). This is thought to be followed by proteolytic cleavage of
the last three amino acids and carboxyl methylation of the now
C-terminal Cys residue, although this has not been experimen-
tally shown with S. cerevisiae Cdc42p (see below). The gera-
nylgeranylation is deemed necessary because the C188S muta-
tion, which renders the protein incapable of being prenylated,
can intragenically suppress the dominant lethality associat-
ed with the cdc42°'?V, cdc42°°'", and cdc42P!'84 mutations
(642) and because the S. cerevisiae and S. pombe Cdc42<'855
mutant proteins, either by themselves or as GFP-Cdc42<'%55p
fusion proteins, are nonfunctional, delocalized proteins that
fractionate almost exclusively into soluble pools (508a, 642,
643). Whether this prenylation is sufficient for Cdc42p target-
ing to the sites of polarized growth is not known.

An increase in soluble S. cerevisiae Cdc42p was observed in
cdc43-2" (643) and cdc43-5° (434) mutant cell extracts, sug-
gesting that membrane localization of Cdc42p depended on
Cdc43p-dependent geranylgeranylation. Cdc43p was originally
identified by £s mutations that led to cell cycle arrest of large,
unbudded cells, a phenotype similar to cdc42” mutants (2). In
addition, cdc43" cdc42” double mutants displayed a synthetic
lethal phenotype at 23°C, suggesting that these gene products
may interact. Another mutation in CDC43, designated call-1,
was identified by its calcium-dependent phenotype (437); the
call-1 mutant required 100 mM CaCl, for growth. The pre-
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dicted amino acid sequence of the CDC43/CALI gene (240,
435) showed significant similarity to the S. cerevisiae DPRI1/
RAM1I gene (173), which encoded the B subunit of the pro-
tein farnesyltransferase (FTase), which modified the C ter-
mini of Ras GTPases. Type I protein geranylgeranyltrans-
ferase (GGTase I) activity was reconstituted from Escherichia
coli cells that overproduced both Cdc43p and Ram2p (377,
539, 540), and S. cerevisiae GGTase I activity was decreased in
cdc43” and ram2 mutants but not raml mutants (147, 377,
434), indicating that Cdc43p and Ram2p encoded the B and
o subunits, respectively, of the S. cerevisiee GGTase 1. The
Ram2p « subunit also acts as the o subunit for the S. cerevisiae
FTase (214), which may account for the in vitro and in vivo
cross-specificity that is observed between FTase and GGTase I
activities in S. cerevisiae (66, 565). S. cerevisiae GGTase I is an
Mg?"-requiring Zn** metalloenzyme (377, 539), but it can
also function with Ca®>" as the only divalent cation (377).
Added Ca** could not rescue the reduced in vitro GGTase I
activity from call-1 mutant cell extracts (434), but only 20 mM
CaCl, was added, as opposed to the 100 mM CaCl, needed
to rescue the in vivo call-1 growth defect (435, 437). The es-
sential targets for S. cerevisiae GGTase I seem to be Cdc42p and
Rholp, because certain cdc43/call alleles can be suppressed by
overexpression of one or both of these GTPases (434, 439).
Another localization determinant consists of the four Lys
residues that are next to the C-terminal prenylated Cys resi-
due. This polylysine region is not found in most Ras-like
GTPases, and its positive charges may be interacting with neg-
atively charged components, either protein or phospholipid, at
the membrane site to play a role in enhancing membrane
association or specific targeting of Cdc42p. A similar polylysine
domain is found in the K-Ras protein and is important for
membrane localization; altering the Lys residues to Gln results
in delocalized K-Ras protein (196, 197). In addition, the anal-
ogous polylysine domain in Racl was recently shown to be
important for interactions with PAK effector kinases (266).
Mutating the four Lys residues to Gln in S. cerevisiae Cdc42p,
creating the cdc42%'%'87% mutant protein, led to a partial
delocalization of the mutant protein (116), suggesting that this
domain played a role in targeting or anchoring Cdc42p to
the plasma membrane. The K183-187Q mutation could in-
tragenically suppress the dominant lethal cdc429'?Y mutant,
and expression of the cdc42%'83-1879 mutant gene on a plas-
mid could complement the cdc42-1" mutant. The ability of the
cdc42%'83 1879 mutant gene to complement the cdc42-1* mu-
tant (in contrast to the nonfunctional cdc42'%%% mutant gene,
which cannot complement the cdc42-1° mutant [642]), to-
gether with the partial delocalization of the mutant protein,
suggested that the K183-187Q mutation had an intermediate
effect on Cdc42p function and that the polylysine domain of
Cdc42p was necessary but not sufficient for complete plasma
membrane localization. Another interesting mutation in this
domain, the cdc42%'8R mutant allele, exhibited a fs loss-of-
function phenotype in S. cerevisiae (391) and displayed a mor-
phological phenotype of elongated buds and multiple nuclei
suggestive of either a delay at the morphogenesis checkpoint
(see “S. cerevisiae” under “Functional studies” below) and/or a
cytokinesis defect at permissive temperatures (106a). The na-
ture of this mutation (Lys to Arg) suggested that these phe-
notypes were not due to a change in charge or conformation of
the protein but more probably were due to altered interactions
with another protein. However, recent results indicate that this
mutant protein has an increased intrinsic GTPase activity (see
“GTPase-activating proteins” below), suggesting that improper
negative regulation of this mutant protein may be playing a
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role in its phenotypes. Therefore, the mechanism by which this
mutant protein exerts its effects remains to be fully elucidated.

All known Cdc42 proteins contain the C-terminal sequence
Cys-Xaa-Xaa-Leu, with the exception of the mouse and human
brain G25K isoforms, which end in a Phe residue instead of
Leu (Fig. 1). Mammalian Cdc42p posttranslational modifica-
tions have been analyzed biochemically with protein purified
from bovine brain cells (22, 612, 613), cultured murine eryth-
roleukemia cells (354), rat and human pancreatic islet cells
(274), or rat kidney cells (45), not with recombinant protein,
and so it is unclear whether these studies were performed on
the Cdc42Hs or G25K isoform. Regardless, it is clear that the
membrane-bound form of mammalian Cdc42p is geranylgera-
nylated at the Cys residue, the last three amino acids are pro-
teolytically removed, and the now C-terminal prenylated Cys
residue is carboxyl methylated, resulting in a protein with a S-
(all-frans-geranylgeranyl) cysteine methyl ester at its C termi-
nus (612). These modifications are necessary for membrane lo-
calization, and, as with S. cerevisiae Cdc42p, mammalian Cdc42p
fractionates to both particulate and soluble pools (45, 354).

Carboxyl methylation of soluble Cdc42p from bovine brain
(22), rat kidney cells (45), or pancreatic islet cells (274) seems
to be GTP stimulated, but methylation of the membrane-
bound form is not (613), presumably because the membrane-
bound form is already GTP bound. The methyltransferase ac-
tivity from brain extracts (613) and insulin-secreting cells (318)
was membrane bound. Recently, a human myeloid prenylcys-
teine carboxyl methyltransferase with in vitro activity against
Cdc42Hs was shown to localize to the endoplasmic reticulum
membrane (114); the S. cerevisiae Stel4p prenylcysteine car-
boxyl methyltransferase is also found in the endoplasmic retic-
ulum membrane (490), but it has not been shown to have in
vitro or in vivo activity against Cdc42p. Interestingly, addition
of glucose to pancreatic islet cells extracts stimulated the car-
boxyl methylation of Cdc42p (274), and inhibition of Cdc42p
function by Clostridium difficile toxins A or B resulted in re-
ductions in glucose-stimulated insulin secretion (273), suggest-
ing that Cdc42p may play a role in glucose-stimulated insulin
secretion.

Using affinity-purified anti-Cdc42 antibodies, Cdc42p from
rabbit liver was shown to associate with a membrane fraction
highly enriched in Golgi membranes (137). In pancreatic islet
cells (274) and rat kidney cells (45), Cdc42 was predominantly
cytosolic, but it was translocated to the particulate pool upon
addition of guanosine 5’-(3-O-thio)triphosphate (GTPyS). In
NR-6 fibroblasts and rat kidney cells, Cdc42p localized to a
perinuclear region that coincided with markers for the Golgi
complex including the 110-kDa subunit of the coatomer com-
plex B-COP (137). This localization was rapidly altered to gen-
eral cytosolic localization upon addition of brefeldin A (BFA),
a drug which inhibits vesicle formation at the Golgi membrane
by inhibiting the guanine nucleotide exchange activity for the
Arf GTPase, suggesting that Cdc42p may play a role in or be
subject to intracellular membrane trafficking events. BFA-in-
duced delocalization of Cdc42p was inhibited by AIF, and by
expression of GTPase-defective Arf, while expression of a
dominant negative Arf mutant resulted in BFA-independent
delocalization of Cdc42p. These results suggest that associa-
tion of Cdc42p with Golgi membranes is dependent on the
guanine nucleotide-bound state of the Arf GTPase. It should
be noted that in these experiments, the NR-6 fibroblasts and
rat kidney cells did not exhibit polarized growth patterns to a
region of their cell periphery. In human HeLa cells transiently
transfected with a epitope-tagged Cdcd29'?Y protein, the epi-
tope-tagged protein localized to focal complexes and to re-
gions of polarized growth within the Cdc429'*V-induced pe-
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ripheral actin microspikes (PAMs) (see “Mammals” under
“Functional studies” below) and colocalized with actin and
PAKSs within these PAMs (127, 356). In addition, HA-tagged
Cdc429"2Y protein co-localized with the IQGAP1 downstream
effector to cell-cell contact sites of Madin-Darby canine kidney
cells (282).

In Drosophila wing disc epithelial cells, Cdc42p localized in
a polarized manner to the basal and apical regions (128). In
elongating cells, Cdc42p was restricted to the apical and basal
membranes, but in nonelongating cells, it was found on lateral
membranes as well. This localization pattern was also seen for
the actin cytoskeleton, again providing a mechanistic link be-
tween Cdc42 and actin rearrangements. C. elegans Cdc42p was
shown to fractionate predominantly to a particulate fraction
from mixed-stage populations of C. elegans cells and to localize
in a polarized manner to both the circumferential and longi-
tudinal boundaries of hypodermal cells during hypodermal cell
fusion in embryo elongation, in a pattern similar to that of the
C. elegans PAK homolog (87).

In summary, Cdc42 proteins are membrane bound through
their posttranslational modifications and are localized to ei-
ther internal membranes or the plasma membrane at locations
where polarized events are occurring. While prenylation is nec-
essary for membrane anchorage, it is not known if it is suffi-
cient for proper targeting. The mechanism by which Cdc42
proteins are targeted to appropriate membranes in regions of
polarized cell growth is unknown, but it is likely to be through
protein-protein or protein-lipid interactions at the site.

FUNCTIONAL STUDIES

It is clear from the recent explosion of experimental results
that Cdc42p functions in a variety of cellular processes in
eukaryotic cells. The major functions of Cdc42p seem to be in
regulating the rearrangements of the actin cytoskeleton in re-
sponse to extracellular and intracellular signals as well as in
modulating protein kinase cascades that result in the transcrip-
tional activation of genes required for growth control and
numerous other cellular processes. Cdc42p also performs oth-
er cellular functions, which are independent of actin rearrange-
ments and mitogen-activated protein (MAP) kinase cascades,
and so it would be premature to think that the panoply of
Cdc42p-dependent processes has been entirely revealed. Al-
though Cdc42p has been implicated in a wide variety of cellular
processes, we still have little insight into the mechanisms of
action or the conservation of function for Cdc42p within these
processes.

Saccharomyces cerevisiae

S. cerevisiae alters its morphology in response to both exoge-
nous and endogenous signals, leading to either bud emergence
and enlargement during the mitotic cell cycle, mating-projec-
tion (“shmoo”) formation through the mating/pheromone re-
sponse pathway in response to exogenous mating-factor pher-
omones, pseudohyphal formation and filamentous growth in
response to starvation conditions, or spore formation during
meiosis. Cdc42p has been implicated in regulating the first
three processes but not in sporulation to date. The mechanisms
by which Cdc42p regulates the generation of, and switching
between, these different morphogenetic patterns is still un-
clear, but Cdc42p interactions with the actin cytoskeleton play
a critical role in this regulation. The functional connection
between Cdc42p and the cortical actin cytoskeleton has re-
cently been reinforced by the observation that Cdc42p can
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stimulate actin polymerization in permeabilized S. cerevisiae
cells (324).

Mitotic cell cycle. The morphological changes that occur
during the S. cerevisiae mitotic cell cycle can be divided into
five sequential phases: (i) selection of a nonrandom bud emer-
gence site and the organization of the protein machinery at
that bud site, including rearrangement of the cortical actin
cytoskeleton; (ii) bud emergence and polarized growth towards
and within the emerging bud; (iii) a switch from apical to
isotropic bud growth (the “apical-isotropic switch” [see be-
low]); (iv) cytokinesis, septum formation, and cell separation;
and (v) isotropic growth of undersized daughter cells after cell
separation prior to the initiation of their next cell cycle (re-
viewed in references 77, 126, and 465) (Fig. 2). A variety of
data suggest that Cdc42p can function at multiple stages of the
cell cycle. As mentioned above (see “Cdc42p structure and
functional domains”), the initial characterization of S. cerevi-
siae Cdc42p suggested that it plays a role in the actin-depen-
dent generation of cell polarity during the process of bud
emergence. Subsequent analysis of £s, dominant activated, and
dominant negative cdc42 alleles substantiated this inference
and suggested an additional function in the initial selection
of the site of bud emergence. Analysis of the cdc42V*** and
cdc42%'8°R mutant alleles, along with the subcellular localiza-
tion of Cdc42p to the mother-bud neck region in large-budded
cells, raises the possibility that Cdc42 functions either within
the apical-isotropic switch at a morphogenesis checkpoint (Fig.
2) (see below) and/or in controlling actin-dependent events
that occur during cytokinesis and septum formation. In addi-
tion, GTP-bound Cdc42p functions with the mitotic cyclin
Clb2p-Cdc28p kinase complex to lead to the mitosis-specific
phosphorylation of several substrates (see below). A potential
model that is consistent with the proposed roles for Cdc42p
throughout the cell cycle is presented in Fig. 3; a detailed
discussion of individual protein components of the model can
be found under the individual protein subsections in “Cdc42p
regulators” and “Cdc42p downstream effectors” below.

Newly synthesized Cdc42p is geranylgeranylated by the
Cdc43p-Ram2p GGTase I and interacts with the Rdilp rho-
GDI within the cytosol (Fig. 3A). Presumably, Cdc42p is in a
GDP-bound state at this point, because the Cdc24p GEF is
membrane bound. In step 1, the Cdc42p-GDP-Rdilp complex
interacts with a Cdc24p-Bem1p protein complex at the plasma
membrane. This interaction and subsequent guanine nucleo-
tide exchange presumably leads to a loss of Cdc42p-Rdilp
binding. The Cdc24p-Bem1p complex could bind to the plasma
membrane either through an interaction between Cdc24p and
the GTP-bound Rsrlp/Budlp GTPase, which is already at the
plasma membrane at the site of incipient bud emergence, or
through the Cdc24p PH domain. It is unclear how, when, or
where the Cdc24p guanine nucleotide exchange function is
activated, but it is likely that this occurs at the bud site. In step
2, Cdc24p catalyzes the dissociation of GDP from Cdc42p, and
GDP is replaced by GTP. As a result of this biochemical
exchange reaction, Cdc24p dissociates from both Cdc42p and
Bemlp, which can now interact with Rsrlp/Budlp, which is
GDP bound through the action of the Bud2p GAP (not shown
in Fig. 3A). Released Cdc24p is free to recycle to the bud site
or become available for nucleotide exchange later in the cell
cycle (see below).

In step 3, activated GTP-bound Cdc42p interacts with Giclp
and/or Gic2p and/or one of the family of PAK-like kinases
(Cladp, Ste20p, and Skmlp), and this complex binds to the
Bnilp scaffold protein (see reference 454 for a review of scaf-
fold proteins). Ste20p is the most likely PAK involved at this
step due to its localization to bud tips and its Clnlp-2p/
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FIG. 2. Polarized cell growth during the S. cerevisiae and S. pombe cell cycles. See the text for details.

Cdc28p-dependent phosphorylation at this stage of the cell
cycle (see below). This interaction brings the PAK-like kinase
in close proximity to the Myo3p and/or Myo5p myosin, which
can bind to Bnilp through an interaction between their SH3
domains and the FH1 formin domain of Bnilp, leading to the
phosphorylation of the S357 residue of Myo3p and/or MyoS5p.
Bnilp can also bind to a number of other proteins that interact
with the actin cytoskeletal network, including the Pfylp profi-
lin, the EFla elongation factor, Bud6p, and Spa2p. This com-
plex, along with a number of other actin-binding proteins (not
shown in Fig. 3), nucleates the localized assembly of the septin,
chitin, and Myolp rings and the subsequent polymerization of
actin at the bud tip, leading to bud emergence and apical bud
growth (Fig. 3B). After bud emergence, Gic2p is phosphory-

lated and ubiquitinated in a Cdc42p-GTP-dependent manner,
leading to its degradation (Fig. 3A).

After DNA replication, the apical growth of the bud
switches to isotropic growth. This apical-isotropic switch (316)
(step 4) depends on activation of the Clblp—2p/Cdc28p kinase
complex, which, along with GTP-bound Cdc42p and Naplp, is
needed for the hyperphosphorylation of Cladp and Gindp; it is
evidenced by bud shape changes and the distribution of corti-
cal actin and Cdc42p to the sides of enlarging buds. The action
of one or more Cdc42p-GAPs (Bem3p, Rgalp, and Rga2p)
may also be necessary for the apical-isotropic switch, leading to
the conversion of Cdc42p-GTP to a GDP-bound state which
can then be extracted from the plasma membrane by the Rdilp
Rho-GDI (Fig. 3A, step 5). Since both GFP-Cdc42p and GFP-
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Cdc24p are localized to the mother-bud neck region in large-
budded cells (508b), in step 6 Cdc42p can be activated to a
GTP-bound state by Cdc24p at the mother-bud neck region.
Activated GTP-bound Cdc42p can interact again with one or
more of the PAK-like kinases, probably Cla4p, whose kinase
activity peaks at G,/M, as well as the IQGAP homolog Iqglp/
Cyklp through its GRD domain. The Iqglp/Cyklp IQGAP
protein is another scaffold protein that can interact with the
Cmdlp calmodulin protein through its IQ domains as well
as with actin through its calponin homology (CH) domain.
The activated PAK-like kinase might then phosphorylate
the Myolp myosin, which has already formed a ring structure
at the mother-bud neck region, the Myo2 and Myo4 myosins,
which bind to calmodulin, the septin proteins that comprise the
10-nm filament ring present at the mother-bud neck region,
or other as yet undetermined substrates. (Phosphorylation of
Myolp and/or septin proteins may also occur upon assembly in
late G;; see “Cladp” under “Cdc42p downstream effectors”).
These interactions lead to the formation of a septin-dependent
actomyosin ring at the mother-bud neck region and the sub-
sequent contraction of this ring following anaphase, leading to
cytokinesis (Fig. 3B). The localization of cortical actin at the
mother-bud neck region, following the contraction of the ac-
tomyosin ring and cytokinesis, is a prelude to chitin synthase
II-dependent septum formation and eventual cell separation
(Fig. 3B).

The means by which cell cycle control is imposed on these
morphogenetic events is starting to come into focus (for re-
views, see references 41, 316, and 381). The timing of these
events is coordinated with the cyclin-dependent kinase (CDK)
Cdc28p and the START step of the cell cycle. Formation of the
cortical actin patches and formation of the septin, Myolp, and
chitin rings occur around the same time in late G, following
the activation of the G, cyclins Clnlp-3p—Cdc28p kinase com-
plexes that are necessary for START (Fig. 3B). Bud emergence
and apical bud growth occur ~15 min later. The Cln2p-Cdc28p
complex also phosphorylates the Ste20p PAK-like kinase at
this stage of the cell cycle, and although this phosphorylation
occurs at the time when Ste20p is localized to the emerging
bud tips, it does not seem to affect the Ste20p kinase activity
(see “Ste20p” below). There also exists a morphogenesis check-
point that monitors proper actin cytoskeletal structures after
bud emergence (313-315, 381, 526). The lack of proper actin
structures triggers this morphogenesis checkpoint, causing the
Swelp inhibitory phosphorylation of the mitotic cyclin Clblp-
2p/Cdc28p complexes at the Y19 residue of Cdc28p, leading to
G,/M and nuclear division delays. The morphological pheno-
types associated with the cdc42V*** effector domain mutant
suggest that Cdc42p or Cdc42p-dependent events may also be
involved in this checkpoint (475a). Activation of the Clblp-
2p/Cdc28p kinase complex is necessary for the apical-isotropic
switch, possibly through the Cdc42p- and septin-dependent
phosphorylation of Gindp and Cladp (Fig. 3A), and for the
promotion of anaphase and nuclear division, while destruction
of the mitotic cyclins Clblp through Clb4p is necessary for
cytokinesis and redistribution of cortical actin to the site of
septation. While many of the aspects of this proposed cell cycle
and morphogenesis model are consistent with published find-
ings (see the sections on individual proteins below), several
aspects remain to be experimentally tested. Most notably, the
functional consequences of interactions between Cdc42p and
Giclp, Gic2p, and the three PAK-like kinases remain to be
fully elucidated and the potential cell cycle-dependent role of
the Bnilp, Bnrlp, and Iqglp/Cyklp scaffold proteins in bro-
kering Cdc42p-actin interactions is unclear. In addition, the
substrates for the Clnlp-3p/Cdc28p and Clblp-4p/Cdc28p
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CDK complexes that are necessary for these cell cycle-depen-
dent morphogenetic switches remain to be determined.

Mating pathway. The S. cerevisiae mating pathway is a clas-
sic signal transduction pathway in which an extracellular signal
(peptide pheromone) binds to a G-protein coupled transmem-
brane receptor, thereby activating a MAP kinase cascade that
ultimately leads to a number of cellular events, including the
transcriptional induction of genes necessary for the mating
process, a G, arrest as a prelude to cell-cell fusion and karyo-
gamy, and the generation of unique morphological structures
(mating projections or shmoos) that are the sites of contact for
cell-cell fusion and mating (for reviews, see references 26, 297,
350, and 368) (Fig. 4A). The notion that Cdc42p plays a role in
the S. cerevisiae mating pathway came from the analysis of
cdc42 mutants, the subcellular localization of Cdc42p, and its
interactions with the Ste20p protein kinase. The mating effi-
ciencies of loss-of-function cdc42 mutants were reduced, and
signaling through the pheromone response pathway was dimin-
ished (527, 626), while expression of the dominant activated
cdc42°'Y mutant allele led to a modest (two- to threefold) in-
crease in signaling as assayed by FUSI-lacZ expression (9),
suggesting that Cdc42p plays a role in the activation of the
pheromone response MAP kinase cascade (see below). In ad-
dition, Cdc42p localized to the tips of mating projections in
pheromone-arrested cells (643), suggesting that it plays a di-
rect role in pheromone-induced morphological changes.

The observation that GTP-Cdc42 can interact with Ste20p, a
PAK-like kinase intimately involved in the pheromone re-
sponse pathway (see “PAK-like kinases” below) suggested that
Cdc42p plays a direct role within the pheromone response
pathway itself. However, recent results bring this conclusion
into question. Most importantly, deletion of the Ste20p CRIB
domain and therefore loss of Cdc42 interaction had little effect
on either pheromone signaling through Ste20p and the MAP
kinase signaling cascade or the generation of properly orient-
ed, morphologically normal mating projections (see “Ste20p”
below). Instead, these mutants appeared to have defects in
bilateral mating and the cell-cell fusion event preceding zygote
formation (298, 456). Also, it was recently shown that the
modest reduction of pheromone signaling observed in cdc42-1
and cdc24-1 mutants was partially suppressed by deletion of
the CInl and CIn2 G, cyclins or by artificial depletion of the
CInl protein, resulting in a G, arrest at START prior to the
cdc42 block (432). This result suggested that the effects of the
cdc42 mutant on pheromone signaling were indirect, acting by
elevating Cdc28-Cln levels at a particular stage of the cell cycle
that led to a repression of the pheromone response pathway
(430, 584). It seems likely, therefore, that the duties of Cdc42p
and Cdc24p (see “Cdc24p-Stedp interactions” below) in the
mating pathway are largely restricted to coupling the G protein
and Ste20p to an undetermined event, possibly the polarized
deposition of secretory vesicles containing proteins needed for
cell-cell adhesion into the mating projections, that occurs prior
to cell-cell fusion, and not to induction of the Ste20-Stell-
Ste7-Fus3/Kss1 MAP kinase cascade. Interestingly, a recent
report indicates that Spa2p, a protein that binds to the Cdc42p-
interacting protein Bnilp at sites of polarized growth (see
above and “Cdc42p downstream effectors” below) is needed
for the clustering of secretory vesicles at the site of cell-cell
fusion during the mating process (162). It remains to be seen if
Cdc42p localizes to this region and is involved in the polariza-
tion of these secretory vesicles.

Pseudohyphal and invasive growth. S. cerevisiae cells can
alter their morphogenetic patterns in response to starvation
conditions, leading to filamentous growth and the generation
of pseudohyphae (for reviews, see references 26, 167, 297, 349,
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and 350). Diploid cells respond to nitrogen starvation by alter-
ing their cell cycles, budding patterns, cell shape, and cell
separation patterns, resulting in polarized elongated budded
cells that resemble fungal hyphae (168, 280). Haploid cells can
also be induced to filamentous growth, which is manifested as
invasive growth into agar plates (43, 487). A detailed muta-
tional analysis of actin mutants indicated that the actin cyto-
skeleton plays a critical role in various aspects of pseudohyphal
growth (63). The primary signaling route leading to pseudohy-
phal growth involves the Ras2 GTPase signaling through Cdc42p
to several components of the pheromone response MAP ki-
nase cascade, including Ste20p, Stellp, Ste7p, and Kss1p, there-
by activating the Stel2p transcription factor which, together
with the Tecl transcription factor, induces the expression of
genes necessary for filamentous growth (Fig. 4A) (168, 330,
348, 351, 405, 487, 488).

The role of Cdc42p in this signaling pathway was deduced by
the observations that expression of the dominant negative
Cdc42P! 34 mutant protein inhibited Ras2-dependent filamen-
tous growth and that expression of the activated Cdc429'?V
mutant protein induced filamentous growth and transcription
from a FG(TyA)::lacZ reporter construct that specifically re-
sponds to filamentous growth signals (405). As opposed to
effects in the pheromone response pathway (see above), mu-
tations within the Ste20 CRIB domains inhibited filamentous
growth (298, 456), indicating that Cdc42p-Ste20p interactions
are necessary for this morphological switch. Interestingly, the
yeast 14-3-3 proteins Bmhlp and Bmh2p (165, 573) are also
necessary for this signaling pathway and interact with Ste20p in
vivo (488), although it is not known whether this interaction is
mediated through phosphoserine residues in Ste20p as are
other 14-3-3 interactions (610). It is interesting that Cln1p—2p/
Cdc28p phosphorylation of Ste20p (see “Mitotic cell cycle”
above) may also play a role in pseudohyphal and invasive
growth in that cells lacking Clnlp and Cln2p fail to undergo
pseudohyphal or invasive growth (431). Therefore, in response
to nutritional signals, Cdc42p plays a role in activating a MAP
kinase cascade that positively regulates the transcriptional in-
duction of key morphogenetic and growth genes. This Cdc42p
function is similar to that seen in mammalian cells with the
induction of the JNK and p38 MAP kinase cascades leading to
c-Jun transcriptional activity (see “Mammals” below).

Schizosaccharomyces pombe

In the rod-shaped fission yeast S. pombe, there are three
switches in polarized cell growth patterns during the cell cycle
(Fig. 2). First, selective and polar growth is initiated at the
beginning of the cell cycle at the “old end” of the cell, which is
the end distal to the previous division site (reviewed in refer-
ence 425). This growth occurs at the end of the cylindrical cell
and can be monitored by staining with the dye Calcofluor and
by the presence of cortical actin dots (366, 376). Second, after
~0.3 of the cell cycle, a switch in polarized growth, referred to
as new-end takeoff, occurs from unidirectional at the old end
to bidirectional at both ends (Fig. 2). This growth pattern is
visualized by the appearance of both Calcofluor staining and
cortical actin dots at the new end and depends on the cell
attaining a minimal length and completing the S phase. Third,
bipolar growth continues until ~0.75 of the cell cycle, at which
time cortical actin reorganizes to the site of septum formation
and end growth ceases, resulting in a constant-length stage of
the cell cycle. Following cytokinesis and cell separation, polar-
ity must be re-established at the old end as a prelude to unipo-
lar growth in the next cell cycle.
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The S. pombe Cdcd2p homolog (cdc42™") was isolated from
an S. pombe cDNA library by functional complementation of
the S. cerevisiae cdc42-1* mutation (390). The predicted amino
acid sequence of S. pombe Cdc42p is 85% identical to those of
both S. cerevisiae and human Cdc42p (Fig. 1). Disruption of
cdc42™ showed that the gene was essential for growth. The
S. pombe cdc42 loss-of-function phenotype was originally de-
termined by generating a null allele in a haploid strain that was
complemented by the wild-type allele on a plasmid and then
inducing plasmid loss to uncover the loss-of-function pheno-
type (390). The morphological phenotype consisted of small,
round, dense, uninucleate cells, which is strikingly different
from that associated with cdc42 loss-of-function alleles in
S. cerevisiae (2, 642) (see above). The S. pombe cdc42 null
phenotype suggested that macromolecular synthesis continued
but incorporation of new cellular material into an enlarging
cell was inhibited, hence the small, dense, dead cells. Similar
morphologies, as well as reduced mating efficiencies, were ob-
served with the cdc42™ 7™ dominant negative allele (447), sug-
gesting that Cdc42p functions within the mating pathway as
well (see below). The uninucleate, 1C phenotype, as assayed by
DAPI staining and fluorescence-activated cell sorter analysis,
indicated that the mitotic cell cycle was blocked in G, phase,
which is also different from the S. cerevisiae arrest phenotype of
multinucleate cells. It is likely that the cell cycle coordination
between DNA synthesis and Cdc42 function is more tightly
regulated in S. pombe. Taken together, these data are consis-
tent with Cdc42p functioning in the targeting and incorpora-
tion of new growth at the old end in G, phase, possibly by
affecting protein secretion or secretory-vesicle fusion to the
plasma membrane.

Recent data indicating that S. pombe Cdc42p localizes to the
septum region (381a) raises the possibility that Cdc42p plays a
direct role in septum formation. In S. pombe, cytokinesis be-
gins in early M phase with the assembly of the actin-based
medial ring followed by septum formation and cell separa-
tion (reviewed in reference 176). Given that GFP-Cdc42p in
S. pombe localizes to the medial area in a ring-like structure in
some cells that do not have a visible septum, Cdc42p may play
a role in the early steps of medial ring formation prior to
septum formation. Interestingly, S. pombe Cdc12p, a homolog
of the S. cerevisiae Cdc42-interacting protein Bnilp (139, 232)
(see “Cdc42p downstream effectors” below), has also been
implicated in medial ring formation (74).

To date, two potential downstream effectors of Cdc42p has
been characterized in S. pombe, the Paklp/Shklp (364, 447)
and Pak2p/Shk2p (515, 616) protein kinases (see “PAK-like
kinases” below). Paklp/Shklp is a CRIB domain-containing
~72-kDa serine/threonine protein kinase that belongs to the
PAK family of Cdc42-interacting protein kinases. It can auto-
phosphorylate on Ser and Thr residues and binds preferentially
to Cdc42p-GTP. The physiological significance of these inter-
actions was supported by the morphological abnormalities as-
sociated with the overexpression or absence of Paklp and the
synthetic-overdose phenotypes observed when overexpressing
activated or dominant negative cdc42 alleles together with
wild-type or kinase-defective pakl mutants. Deletion of pakl is
lethal, resulting in small, round cells, a morphology reminis-
cent of cdc42 null mutants. This result indicates that Paklp
provides an essential function in the cell polarity pathway,
which is different from its S. cerevisiae homologs Ste20p, Cla4p,
and Skmlp. Paklp and Cdc42p were also required for mating
in S. pombe (see “PAK-like kinases” below). Taken together,
the data are consistent with Pak1p being a downstream effector
of Cdc42p in the cell polarity and mating pathways (Fig. 4B).
Pak2p/Shk2p is a nonessential protein with the greatest simi-
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larity in predicted amino acid sequence to S. cerevisiae Cladp
and Skmlp (515). Its role as a downstream effector of Cdc42p
is unclear (see “PAK-like kinases” below).

Candida albicans

The Candida albicans CDC42 gene was identified by degen-
erate oligonucleotide PCR and isolated from a C. albicans
genomic library by DNA-DNA hybridization to the PCR probe
(394). C. albicans Cdc42p is 87.8% identical to S. cerevisiae
Cdc42p throughout the entire coding region (Fig. 1A), and
DNA-DNA hybridizations suggested that CDC42 is single
copy. Analysis of mRNA levels indicated that there is a tran-
sient increase in Cdc42p expression in the dimorphic switch to
bud emergence, suggesting that C. albicans Cdc42p plays a role
in this process. C. albicans homologs of the S. cerevisiae cell
polarity proteins Rsrlp/Budlp (608), Rholp (272), Cladp (299),
Ste20p and Ste7 (268, 296), Fus3p/Ksslp (110, 595), and
Stel12p (329, 352) have also been identified, and many of them
have been implicated in hyphal formation and candidiasis. It
remains to be seen if Cdc42p also functions in pseudohyphal
formation in C. albicans, as it does in S. cerevisiae.

Caenorhabditis elegans

The Caenorhabditis elegans Cdc42 gene seems to be more
highly expressed in embryonic cells than in larvae or adults,
and when expressed in S. cerevisiae, it could complement the
cdc42-1" allele (88), indicating that it is a functional homolog.
The C. elegans Cdc42 protein, expressed as a glutathione S-
transferase (GST) fusion, could bind and hydrolyze GTP at
rates comparable to the human Cdc42 protein (88). By using
anti-Cdc42 antibodies, Cdc42p was shown to fractionate pre-
dominantly to a particulate fraction from mixed-stage popula-
tions of C. elegans cells and to localize to both the circumfer-
ential and longitudinal boundaries of hypodermal cells during
hypodermal cell fusion in embryo elongation, in a pattern
similar to that of the C. elegans PAK homolog (87). These
results suggest that C. elegans Cdc42 plays a role in the actin-
dependent process of embryonic-body elongation. Analysis of
cdc42 activated or dominant negative mutant alleles in C. el-
egans has not been reported to date. The unc-73 gene product
exhibits structural homologies to the Dbl family of GEFs (see
“Mammalian GEFs” below) and has guanine nucleotide ex-
change activity against Ce-Rac but not Ce-Cdc42 in vitro (536);
whether it is a GEF for Cdc42p in vivo is unknown. Unc-73p
localized to the nerve ring and ventral nerve cord and was
required for neuronal axon guidance; upon injection into cells,
it induced actin polymerization at the plasma membrane. Re-
cently, a C. elegans homolog of the mammalian MKK?7 protein
kinase, which functions in the Cdc42p-JNK MAP kinase sig-
naling cascade (see “Mammals” below), was identified (148).
Characterization of this and other components of the JNK
signaling cascade should provide valuable insight into Cdc42p
functions in C. elegans.

Drosophila

Studies with Drosophila have indicated a role for Cdc42p in
a variety of actin-dependent processes (128, 129, 336, 408).
These studies have been based on the analysis of the cellular
phenotypes associated with overexpression of activated and
dominant negative cdc42 alleles. For example, expression of
the activated cdc42°"?Y mutant allele in the nervous system
resulted in defects in dendrite and axon outgrowth and in
embryo death whereas expression in muscle led to abnormally
shaped muscle fibers (336). Expression of the cdc429'*Y mu-
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tant allele in epithelial cells of the wing imaginal disc led to a
high rate of cell death, but expression of a cdc42 dominant
negative allele led to changes in the shape of polarized cells, a
disruption of apico-basal cell elongation, and a loss of the
dense, actin-containing plaques seen on the basal membrane.
There were also mild effects on the location of the adherens
junctions at the apical face of the cells (128). Expression of the
dominant negative cdc42 allele did not affect polarized-protein
accumulation in epithelial cells, as evidenced by proper cad-
herin and yellow-protein localization. In wing epithelial cells
that form hairs, expression of the dominant negative cdc42
allele led to a loss or stunting of wing hair formation, which
appeared to be a consequence of defects in actin polymeriza-
tion within the wing hair (128, 129). In ovaries, expression of
the activated cdc42"V allele led to defects in actin distribu-
tion, resulting in altered nurse cell structure (i.e., abnormally
fused nurse cells) and delocalized ring canals, structures which
function as a cytoplasmic conduit between nurse cells and the
oocyte but did not affect border cell migration (408). There-
fore, Cdc42p seems to regulate actin distribution and function
in a number of different cellular processes. In addition, Cdc42p
may be involved with various Drosophila MAP kinase and JNK
homologs (195, 482, 530) (see below) that regulate a variety of
cellular processes including dorsal closure and establishment
of cell polarity (for a review, see reference 233).

Mammals

Mammalian Cdc42p has been implicated in a wide variety of
in vivo functions including receptor-mediated signal transduc-
tion pathways leading to induction of transcription and actin
rearrangements, cell cycle progression, and apoptosis. Most of
these studies have relied on the phenotypic analysis of ectopic
expression of dominant activated and dominant negative
cdc42 mutants. In addition, the characterization of mamma-
lian Cdc42p-interacting proteins has implicated Cdc42p in
multiple pathways (Fig. 4C), whose regulation is still unclear.

Actin rearrangements. One of the earliest studies showed
that differentiation of human monocytes into macrophages
following the addition of phorbol esters led to an increase in
the amount of membrane-bound Cdc42p that correlated with
an increase in the actin-dependent cell-spreading activity (6).
In subsequent studies, microinjection of wild-type or activated
Cdc42°'#Y protein into serum-starved or subconfluent Swiss
3T3 fibroblasts led to the induction of peripheral actin PAMs,
actin-containing long peripheral filopodia, and vinculin-con-
taining focal complexes and to a reduction in the number of
Rho-dependent actin stress fibers (277, 420). Filopodia are
thought to be sensory structures involved in the actin-based
polarized cell growth observed in fibroblasts (11) and neuronal
cells (229, 254, 531). The Cdc42p-dependent induction of vin-
culin-containing focal complexes in serum-starved Swiss 3T3
fibroblasts was inhibited by microinjection of the dominant
negative Rac™"™ protein, and the induction of filopodia was
seen as a prelude to the formation of Rac-dependent mem-
brane ruffles and lamellipodia and Rho-dependent stress fibers
in time-lapse photomicroscopy (277, 420, 476, 479, 480). These
results suggest that Cdc42p may function upstream of Rac and
Rho in the generation of actin-dependent subcellular struc-
tures in these cells (420).

PAM induction was a rapid response that occurred within
5 min after injection and was mimicked by the addition of
the mitogenic peptide bradykinin but not by phorbol esters or
growth factors, such as lysophosphatidic acid and bombesin,
that induced Rho-dependent stress fibers (476) or by platelet-
derived growth factor (PDGF), EGF, or insulin, which induced
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Rac-dependent membrane ruffling (480). Both Cdc42p- and
bradykinin-dependent inductions were inhibited by coinjection
of either the dominant negative Cdc42™' "™ protein or the
Rho-GDI protein (277), suggesting that the bradykinin effects
were mediated by Cdc42p. Induction of PAMs and loss of
stress fibers was also observed when the activated Cdc4292Y
allele was stably expressed from a tetracycline-repressible pro-
moter in human HtTa-1 cells (127), and this led to an enrich-
ment for actin and the actin-bundling protein plastin, as well as
the proline-rich focal adhesion protein VASP and the phos-
phatidylinositol (PI) 3-kinase p85 regulatory subunit, in the
PAMs (127). Additionally, expression of Cdc429'?Y in these
cells resulted in large multinucleate cells, suggesting a defect in
cytokinesis. Expression of Cdc429'2Y in the highly motile Bacl
murine macrophage cell line also led to the induction of filo-
podia, a phenotype that was mimicked by the addition of
colony-stimulating factor type 1 (CSF-1) and inhibited by
injection of the dominant-negative Cdc42™'" protein (12),
suggesting that Cdc42p may mediate CSF-1 actions in this cell
type. Recent studies have shown that Cdc42p plays a role in
Bacl cell chemotaxis and response to CSF-1 gradients whereas
Rho and Rac are required for cell migration (13). Cdc42p and
Rac have also been implicated in the PI 3-kinase-dependent
actin rearrangements leading to adenovirus endocytosis (317).

Cdc42p also seems to mediate the actin rearrangements re-
sulting from cell-cell and cell-substratum adhesion. Stably
transformed rat basophil leukemia (RBL-2H3) mast cells ex-
pressing the dominant negative myc-tagged Cdc42™" "™ protein
exhibited defects in actin cytoskeletal rearrangements, includ-
ing cell-substratum adhesion, antigen-induced actin plaque as-
sembly, and vinculin localization, along with a 40% inhibition
of high-affinity IgE receptor (FceRI)-mediated serotonin re-
lease and degranulation (183). Comicroinjection of the acti-
vated Cdc429'?Y allele in Madin-Darby canine kidney cells
reversed the cell-cell and cell-substratum adhesion defects ob-
served upon microinjection of the Rho-GDI protein (282),
suggesting that Cdc42p plays a role in cell-cell contact, as was
also suggested by functional studies with Drosophila (see
above). It is likely that the effects of Cdc42p on cell-cell adhe-
sion are mediated through interactions with IQGAP1 (see
“IQGAPs as scaffold proteins mediating Cdc42p-actin interac-
tions” below), in that IQGAP1 colocalized with E-cadherin
and B-catenin at cell-cell adhesion sites and interacted with
both proteins (284). Cdc42p was shown to mediate integrin-
dependent adhesion, membrane ruffling, and cell spreading in
Ratl and NIH 3T3 fibroblasts (101, 463), and recently it was
shown that disassembly of the fibronectin matrix in human
umbilical vein endothelial cells and KD fibroblasts led to the
generation of Cdc42p-dependent filopodia and the activation
of the Cdc42p downstream effector kinases ACK and p38 (49).
In addition, stable expression of Cdc42°'2Y in murine 2B4 T
cells led to a loss of microtubule-organizing center polarization
toward antigen-presenting B cells and to a disruption of actin
polarization at the junction between the T cells and B cells
(541), a region to which Cdc42p also localized (reference 249
and data not shown), suggesting that Cdc42p plays a role in
T-cell-B-cell recognition and interaction.

One of the original Cdc42 cDNAs (G25K) was isolated from
bovine brain (407), and recently Cdc42/G25K was shown to be
expressed in a variety of neuronal tissues within the adult rat
brain, including the neocortex, thalamus, cerebellum, and hip-
pocampus (440, 559). Microinjection of wild-type or activated
Cdc42°'%Y into N1E-115 neuroblastoma cells led to the induc-
tion of filopodium formation, which was not seen upon micro-
injection of the dominant negative Cdc42™™ protein (278).
Microinjection of the dominant negative Cdc42™ "™ protein
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also inhibited neurite outgrowth in these cells and inhibited the
acetylcholine-dependent formation of filopodia. Expression of
the activated Cdc42°°'" protein in E18/19 cultured cortical rat
neuronal cells led to a slight increase in dendrite formation
from pyramidal and nonpyramidal neurons, while expression
of the dominant negative Cdc42™"™ protein resulted in a slight
reduction of dendrites and a reduction in cells that underwent
the pyramidal-to-nonpyramidal morphological remodelling
typically seen during differentiation (559). Also, expression of
dominant negative Cdc42™"™ led to a reduction of nerve
growth factor (NGF)-induced neurite formation in PC12 cells
(115). These data suggest that, as with Drosophila Cdc42p,
mammalian Cdc42p functions in dendrite and axon outgrowth
during neuronal development, probably through rearrange-
ments of the actin cytoskeleton (for reviews, see references 337
and 345).

It is clear from these data that Cdc42p plays an intimate role
in controlling actin rearrangements in a number of mammalian
cell types. Cdc42p has been shown to induce membrane-de-
pendent actin polymerization in Xenopus extracts (340, 402), in
cell extracts of polymorphonuclear leukocytes and Dictyoste-
lium discoideum amoebae (639), in permeabilized S. cerevisiae
cells (324), and in neutrophil cell extracts (640), reinforcing the
functional connections between Cdc42p and actin rearrange-
ments. However, the intermediary proteins linking Cdc42p
and the actin cytoskeleton have yet to be determined. Ob-
vious candidates are the IQGAPs, which can bind both actin
and GTP-Cdc42p (see “IQGAPs as scaffold proteins mediating
Cdc42p-actin interactions” below), and the PAKs (see “PAK-
like kinases” below). For example, expression of a autoinhibi-
tory PAKI1 peptide containing amino acids 83 to 149 led to an
inhibition of PAK function and a loss of Cdc42-induced PAMs
(627).

Another potential Cdc42p effector in the actin pathway is
PI 3-kinase and phosphoinositides (for reviews, see references
154 and 372). The p85 subunit of PI 3-kinase from NIH 3T3
and PCI12 cell lysates was able to bind to GST-Cdc42Hs-
GTP~S as well as to an activated GST-Cdc42°%'" protein but
not to the Cdc42™>* effector domain mutant protein (628).
These interactions were inhibited by incubation with either
the Rho-GAP homology domain of p85 or the Cdc42GAP/
p50rhoGAP protein (see “Mammalian GAP” below), suggest-
ing that binding was through interactions between the GAP
homology domain and the effector domain. Binding of Cdc42-
GTP~S to p85 led to a two- to fourfold increase in PI 3-kinase
activity from PC12 cell extracts (628), as well as from rat liver
cytosol and COS7 cell lysates (561). This activation was inhib-
ited by a p85-specific peptide antigen and by the PI 3-kinase
specific inhibitor wortmannin (561), suggesting that Cdc42p
specifically interacts with and activates PI 3-kinase in these
cells. Cdc42-induced actin rearrangements and morpholog-
ical changes observed in T47D mammary epithelial cells
were inhibited by the PI 3-kinase inhibitors wortmannin and
LY294002, and transfection of these cells with a constitutively
activated p110 catalytic subunit of PI 3-kinase led to the same
morphological changes and actin rearrangements as activated
Cdc42p (256). Cdc42 also displays interactions with PI 4,5-bis-
phosphate [P1(4,5)P,]. PI(4,5)P, can bind to pleckstrin homol-
ogy (PH) domains found in all Cdc42 GEFs (201) (see “Gua-
nine nucleotide exchange factors” below) and can also enhance
nucleotide exchange on Cdc42Hs by stimulating GDP release
and stabilizing the nucleotide-depleted state in much the same
manner as GEFs (632). This effect was specific for P1(4,5)P,,
and deletion of the last 7 amino acids of Cdc42Hs, including
the prenylation site (Fig. 1), led to a loss of P1(4,5)P, stimu-
lation without affecting Dbl GEF activity. These data suggest-
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ed that the PI(4,5)P, effects were due to specific nucleotide
exchange and not to a nonspecific denaturation of the protein
due to the high levels of phosphoinositide in the reaction
micelles, although this point is in contention (70, 72, 250).
PI(4,5)P, in combination with Cdc42p can also induce actin
polymerization in Xenopus extracts (340) and in cell extracts
of polymorphonuclear leukocytes and D. discoideum amoe-
bae (639). The role of phosphoinositides in Cdc42p-depen-
dent actin polymerization is speculated to be through either
stimulation of guanine nucleotide exchange on Cdc42p or an
enhancement of membrane attachment and/or targeting of
Cdc42p by disrupting the interactions between Cdc42p and its
GDI (94, 340, 639). PI(4,5)P, also acts directly on the actin
cytoskeleton to promote actin assembly through the PI(4,5)P,-
dependent dissociation of profilin from actin monomers, inhi-
bition of actin-capping proteins, and inhibition of the actin-
severing activities of gelsolin and other actin-severing proteins,
thereby leading to an increase in the number of free actin ends
available for polymerization (372, 511). Taken together, these
data suggest that PI 3-kinase and phosphoinositides play an
important physiological role in mediating Cdc42p-dependent
actin rearrangements.

Another potential Cdc42 effector in regulating actin rear-
rangements is the myotonic dystrophy kinase-related Cdc42-
binding kinase (MRCK). Coexpression of MRCKa with ac-
tivated Cdc42°'2V resulted in an induction of PAMs, and
expression of dominant negative, kinase-defective MRCKa in-
hibited the effects of Cdc42°'?V (311). Another interesting
candidate is the myr5 rat unconventional myosin. This protein
is capable of binding actin and contains a C-terminal domain,
with sequence similarity to Rho-GAP proteins, that is func-
tional as a GAP against Cdc42p in vitro (474). However,
recent in vivo and in vitro studies suggest that myr5 may be a
specific RhoA-GAP (406). Finally, the CIP4 protein, which
was isolated through a two-hybrid interaction with activated
Cdc42°°'™ and contains domains with similarity to the non-
receptor tyrosine kinase FER and to RhoGAP, bound to
Cdc42p in vitro and localized to PAMs and membrane ruffles
along with Cdc42p (18). Determination of the exact nature of
the connections between the Cdc42p signaling module and
actin rearrangements should be vigorously pursued in the near
future.

Cdc42p and the JNK/SAPK and p38 MAP kinase cascades.
In addition to regulating actin rearrangements, Cdc42p func-
tions to couple cell surface receptors to MAP kinases, there-
by transducing extracellular signals to regulate intracellular
events, most notably the transcriptional induction of genes
essential for a diverse number of cellular processes. These
processes include inflammatory and stress responses, mitogen-
esis, differentiation, cell growth, cell cycle progression, apopto-
sis, prostaglandin biosynthesis, myocyte hypertrophy, and im-
munity gene expression (103, 120, 141, 179, 195, 217, 253, 287,
369, 415, 489, 513, 514, 578). The stress response signaling
pathway involves the stress-activated protein kinases (SAPKs)
(286), which also can phosphorylate Ser63 and Ser73 in the N
terminus of the c-Jun subunit of the AP-1 transcription factor
(JNKs) (121). These JINK/SAPK protein kinases can be acti-
vated by a variety of cell surface receptors and cellular stresses
such as heat shock, UV radiation, and changes in osmolarity,
by the protein synthesis inhibitors anisomycin and cyclohexi-
mide, and by the cytokines interleukin-1 (IL-1) and tumor
necrosis factor alpha (TNF-a) (121, 286) and can be inhibited
by high cell density (289). The p38/Mpk2 protein kinase, which
is another member of this SAPK family and is the mammalian
homolog of the S. cerevisiae Hoglp (for “high-osmolarity glyc-
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erol”) protein kinase, also regulates the ATF2 and Elk-1 tran-
scriptional activators (150, 194, 300, 493).

In several independent studies, Cdc42p was shown to acti-
vate JNK (23, 109, 392, 442, 556) and p38 (23, 625) in vitro
kinase activity. Ectopic expression of the wild-type or activated
Cdc42°°' proteins in COS7 fibroblasts led to a 5- to 10-fold
increase in the immunoprecipitated JNK in vitro activity against
the transcriptional activators c-Jun and ATF2 as substrates but
had little or no effect on Ras-dependent MAP kinase (ERK)
activity (109, 556) (see below). Similar results were observed in
COSI1 cells (23), HeLa, NIH 3T3, and RatlA cells (392), and
293 human kidney fibroblasts (556). This induction also led to
an elevation of c-Jun AP-1 transcriptional activity, presumably
through a JNK-dependent phosphorylation event (102, 392).
These effects were assayed 2 to 3 days posttransfection, and so
the timescale for induction of transcription relative to the rapid
induction of actin-based filopodia (see above) is unclear.

Expression of activated Rac®®'™led to a similar induction of
in vitro JNK (109, 556) and p38 (392) kinase activity, as did
expression of the Dbl protooncogene product, which has in
vitro guanine nucleotide exchange activity against Cdc42p (see
“Mammalian GEFs” below). Coexpression of Rho-GDI or
p190 Rho-GAP (109) or the CRIB domain of human PAK65
(392) abrogated the Dbl induction but did not affect the
Cdc42°°'" induction. In addition, expression of the dominant
negative Cdc42™ protein inhibited the JNK induction by
EGF and TNF-a, but not by anisomycin or Cdc42°°'". Re-
cently, a C-terminal domain of the polycystic kidney disease I
(PKD1) gene, which plays a role in autosomal dominant poly-
cystic kidney disease, was shown to induce c-Jun/AP-1 tran-
scriptional activation through the activation of JNK activity,
and this induction was inhibited by coexpression of dominant
negative Cdc42™ "™ or Rac™™ (17). Expression of dominant
negative Cdc42™'"™, as well as dominant negative Ras™'"™,
dominant negative Rac1™™, and dominant negative JNK mu-
tant alleles, in primary cultures of rat hepatocytes inhibited the
hyperosmotic-glucose-, TNF-a-, and hepatocyte growth factor-
induced stimulation of JNKI1 kinase activity, phosphorylation
of c-Jun, and up-regulation of DNA synthesis (20). Transient
expression of wild-type or activated Cdc42°°'"™, as well as wild-
type or activated RhoA or Rac, in simian COS7 cells and
human T-cell lymphoma Jurkat cells led to a four- to sevenfold
induction of NF-kB-dependent transcription from a human
immunodeficiency virus (HIV)-luciferase reporter construct
(455). This induction was inhibited by coexpression of the
IkBa inhibitory subunit, and TNF-a induction of NF-«B-
dependent transcription was inhibited by expression of the
dominant negative Cdc42™ ™ protein. Recently, analysis of
dominant negative Cdc42™'"™ protein expression in Rat-2 fi-
broblasts indicated that Cdc42p mediated the JNK-dependent
transformation of these cells by the Fps and Fes nonreceptor
tyrosine kinases (320), and studies with aT3-1 pituitary cells
indicated that the Cdc42p-JNK pathway mediated gonado-
tropin-releasing hormone activity (312). The above-mentioned
results are consistent with a model in which Cdc42p acts to
stimulate JNK/SAPK and p38 kinase activities, leading to
translocation of these kinases to the nucleus, where they phos-
phorylate a number of different transcriptional activators and
induce the expression of genes needed for stress responses,
mitogenesis, and cell growth.

There are several likely intermediates in the signaling cas-
cades linking Cdc42p to the JNK/SAPK and p38 MAP kinase,
including the PAK family of Cdc42p-interacting kinases (see
“PAK-like kinases” below), as well as other downstream MAP
kinase kinases and MAP kinase kinase kinases (for reviews, see
references 141 and 233). Overexpression of the wild-type
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PAKI protein kinase stimulated p38 in vitro kinase activity,
and overexpression of a dominant negative PAK1¥?°R mutant
protein, as well as the dominant negative Cdc42™"™ mutant
protein, inhibited the IL-1-dependent induction of p38 activity
in HeLa cells (625). Expression of the mPAK-3F%S: G934
posa (23) or hPAK1™'°7F (55) constitutively activated alleles
in COS cells led to a modest (mPAK-3"9!S: G934, P9SAY 4
substantial (hPAK1™'°"F) induction of JNK in vitro protein
kinase activity. Transfection of wild-type PAK into 293 human
kidney fibroblasts led to induction of the JINK/SAPK and p38
in vitro kinase activities (153), and transfection of activated
Cdc42°°'™ also led to an induction of the INK/SAPK kinase
activity, which was abrogated in cells cotransfected with a
PAK CRIB domain-containing fragment (556). Expression
of another CRIB-containing protein kinase, MLK3, whose
CRIB domain can interact with Cdc42p in vitro (59), effectively
induced JNK activity and enhanced the Cdc42°%'-dependent
induction (555). Of the three known MLKs, MLK2 and MLK3
interact with Cdc42p-GTP and activate the JNK pathway
(411). MLK3 and PAKI coimmunoprecipitated in the pres-
ence of activated Cdc42°°'", and expression of Cdc42°%" led
to an increase in the in vitro MLK3 and PAKI activity against
myelin basic protein. Expression of the dominant negative
MLK3%*R mutant allele led to a reduction of the Cdc42°°!-
dependent JNK activation, and expression of a dominant neg-
ative SEK mutant allele (see below) reduced MLK3 induction.
This complex set of results suggest that Cdc42 can interact with
multiple MAP kinase kinase kinases depending on the cell type
and that these kinases can also transduce Cdc42p-independent
signals to downstream effectors.

The MEKKs (MAP/ERK kinase kinases) function down-
stream of Cdc42 to regulate the JNK pathway but not the
p38 pathway (142, 286, 393, 614). Of the four MEKK proteins
(MEKKI1 to MEKK4) characterized from COS cells (142),
only MEKK4 contains a potential Cdc42p-interacting CRIB
domain. However, expression of both MEKK4 and MEKK1
dominant negative kinase-defective mutant proteins, but not
MEKK?2 or MEKK3, could inhibit Cdc42°°'"-dependent in-
duction of JNK kinase activity. Both MEKK4 and MEKKI1
could interact with Cdc42 in in vitro binding assays, although
MEKKI1 preferentially interacted with GTP-bound Cdc42p
whereas MEKK4 could bind to both GDP- and GTP-bound
Cdc42p (142). Interestingly, MEKK4 localized to the Golgi
in a similar manner to Cdc42p in COS cells (137, 142). Ex-
pression of dominant negative kinase-defective MEKK4 and
MEKKI1 did not affect the PAK-dependent induction of JNK
activity in COS cells (142), suggesting that PAKs and MEKKs
can function in independent Cdc42-dependent signaling path-
ways to JNK activation.

The two primary activators of JNK that function down-
stream of the MEKKSs are the MKK4/SEK1 and MKK?7 kinases
(for a review, see reference 233). MKK?7 specifically acti-
vates JNK and has homologs in Drosophila (hemipterous),
which functions upstream of Drosophila DINK, and C. ele-
gans (¢cMKK7), while MKK4/SEK1 can activate both JNK and
p38 in vitro. MKK4/SEK1 knockout mice display a specific
defect in stress-induced JNK activation and AP-1 transcrip-
tional activation (417, 615), providing elegant in vivo data
supporting the role of the JNK signaling pathway in stress-
induced AP-1 transcription activation. Taken together, these
data suggest that Cdc42p can signal through either PAKSs,
MLKSs, or MEKKs to the MKKs that induce JNK activity and
transcriptional activation. Recently, a potential scaffolding pro-
tein, JIP-1, was shown to bind to MLKs, MKK7, and JNK but
not Cdc42, thereby linking these kinase-signaling components
(597). Determination of the mechanisms by which Cdc42p
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signals to this multitude of protein kinases in vivo should be an
area of intensive investigation in the near future.

In addition to functioning within the JNK/SAPK and p38
MAP kinase signaling cascades, Cdc42p has been implicated in
the activation of the Ras-dependent ERK MAP kinase path-
way. This involvement is consistent with the role of Cdc42p
(see below) and Rac (258) in Ras-dependent transformation of
NIH 3T3 cells. Expression of wild-type or activated Cdc429'2V
alone in 293 kidney cells did not activate ERK2 in vitro kinase
activity, but coexpression with wild-type Raf-1 (152) or a con-
stitutively activated Raf BXB mutant (153) resulted in an 11-
to 16-fold synergistic stimulation. In addition, expression of the
PAKI1 CRIB domain inhibited the H-Ras®'?V stimulation of
ERK2 activity. Coexpression of Cdc42°%T and wild-type Raf-1
also resulted in a synergistic stimulation of Elkl-dependent
transcriptional activation in NIH 3T3 cells (152) (EIk1 is a
member of the ternary complex factor family of ERK-depen-
dent transcription factors that regulate the c-fos serum re-
sponse element), providing a physiological correlation between
Cdc42p-dependent ERK2 stimulation and ternary complex
factor-dependent transcriptional activation. Similar results
were seen with ectopic expression of activated Cdc429'?Y in
NIH 3T3 cells (220) and this activation was not dependent on
activation of the JNK/SAPK pathway. This cross talk between
the ERK and JNK/SAPK pathways seems to occur through
interactions of PAK with the MEK1 MAP kinase kinase be-
cause coexpression of wild-type or constitutively activated
PAK1 with Raf-1 led to a synergistic stimulation of MEK1 and
ERK?2 activity and Elk-dependent transcription and because
PAKI could phosphorylate the functionally important MEK1-
Ser298 residue in vitro and in NIH 3T3 cells (152). The phys-
iological ramifications of this potential cross talk remain to be
determined.

Ras-mediated transformation, cell cycle progression, and
apoptosis. Cdc42p has been implicated in mitogenesis and cell
cycle progression, but there are conflicting data concerning its
exact role in these processes. Microinjection of activated
Cdc42°'2Y protein into quiescent Swiss 3T3 fibroblasts led to
an increase in the bromodeoxyuridine incorporation into DNA,
and expression of dominant negative Cdc42™”™N blocked se-
rum-induced bromodeoxyuridine incorporation (442), suggest-
ing that Cdc42p is necessary for cell cycle progression in these
cells. In contrast, microinjection of wild-type Cdc42p into G-
synchronized NIH 3T3 cells resulted in a dramatic cell cycle
arrest at G,/S, whereas microinjection of activated and domi-
nant negative Cdc42 alleles had a similar but less drastic effect
(400). Interestingly, this effect was mediated through the p38
MAP kinase pathway but not the JNK/SAPK pathway. Expres-
sion of activated Cdc42%'?Y in Ratl and NIH 3T3 cells did not
seem to lead to increases in low-serum growth or growth to
high saturation density (466, 494), which is also in contrast to
the cell cycle-stimulatory effects seen in Swiss 3T3 cells (see
above). It is likely that these discrepancies are due to different
signaling mechanisms in these different cell types, but the na-
ture of these important differences has not been elucidated.

Recently, Cdc42p has been implicated in Ras-dependent
transformation of NIH 3T3 cells. Expression of either domi-
nant negative Cdc42™ "™ or the CRIB domain of the Cdc42p
effectors PAK1 or WASP (see “Cdc42p downstream effectors”
below) inhibited focus formation and soft-agar growth by H-
Ras®'?V in a dose-dependent manner (445, 466, 494). In ad-
dition, stable expression of activated Cdc42°'?Y in Ratl fibro-
blasts led to an increase in anchorage-independent growth in
soft agar, and injection of Cdc42“'*V-expressing cells into
athymic nude mice led to the formation of tumors (466).
These data, along with the observation that expression of
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the Cdc42"*%™ mutant protein can lead to transformation of
NIH 3T3 cells similar to that seen with expression of the
Cdc42-GEF dbl oncogene (327), indicate that activation of
Cdc42 can lead to malignant transformation and that Cdc42 is
a bona fide oncogene.

Recent studies have shed some mechanistic light on the
means by which Cdc42 mediates cellular transformation and
cell cycle progression. In a detailed comparative study, it was
observed that the transformation potential of Dbl GEF family
members (see “Cdc42p regulators” below), including Dbl and
Dbs, correlated most closely with the transcriptional induction
of the cyclin D1 promoter and not with the activation of JNK,
p38, SRF, or c-Jun (590). Cyclin D1-Cdk4/6 kinase complexes
can phosphorylate the p105 RB retinoblastoma protein, lead-
ing to a dissociation of the E2F family of transcription factors
that regulate the transcriptional activity of DNA replication
genes necessary for the G,-S cell cycle transition (for a review,
see reference 522). Ectopic expression of activated Cdc429'?Vp
or Rac®'?V, but not Rho®'?V, in NIH 3T3 cells led to an in-
duction of transcription from an E2F-dependent reporter con-
struct, an induction of p105 RB hyperphosphorylation, and a
moderate induction of cyclin D1 protein levels (169). The
Cdc42/Rac induction of E2F-dependent transcription was re-
duced in cells expressing the p16™4, p21°iP! or p27%iP! CDK
inhibitors. These data suggest that the effects of Cdc42 on the
cell cycle are mediated, at least in part, through cyclin-CDK
phosphorylation of RB and subsequent E2F-dependent tran-
scriptional activation. These data are supported by the recent
observation that the Rho GTPase plays a role in blocking the
Ras-dependent induction of p21“??, leading to an induction of
cell cycle progression (380, 444). In addition, alterations in
human capillary endothelial-cell shape and/or actin cytoskel-
etal structure led to a cyclin D- and p27*#’-dependent block in
cell cycle progression (228), suggesting that the integrity of the
actin cytoskeleton, as well as growth factors and integrin sig-
naling, can affect progression through the cell cycle. The mech-
anism by which Cdc42 regulates these effects should be inten-
sively investigated in the near future.

Cdc42p, PAKs, and the JNK/SAPK and p38 protein kinase
cascades have also been implicated in stress-activated pro-
grammed cell death (apoptosis) (32, 96, 143, 171, 230, 288, 496,
497). Programmed cell death in the immune system is medi-
ated through the coupling of activated Fas receptors to the IL-
converting enzyme (ICE) (caspase) protease cascade, which
results in proteolytic cleavage of downstream targets, including
the PAK2 protein kinase (496, 497, 583), the D4-GDI (409),
and components of the JNK gathway (62, 245). Expression of
wild-type or activated Cdc42°°'™ in Jurkat T lymphocytes re-
sulted in a decreased transfection frequency and induction of
apoptotic responses, including characteristic DNA fragmenta-
tion and morphological changes (96). Also, expression of ac-
tivated Cdc42°'?Y in rat sympathetic (SCG) neurons led to an
induction of neuronal apoptosis through activation of the JNK
pathway (32). These Cdc42-dependent apoptotic responses
were inhibited by coexpression of dominant negative MEKK
and MKK/SEK kinases. By contrast, apoptotic responses were
induced by expression of a constitutively activated MEKK,
indicating that activation of the JNK/SAPK signaling pathway
is necessary for apoptotic responses in this cell type, as well as
various other cell types (89, 193, 607, 621). These responses
were also inhibited by various inhibitors of the ICE/caspase
proteases (96; for a review, see reference 105), suggesting that
the caspases function downstream of Cdc42p and further im-
plicating PAK2 and D4-GDI in mediating these apoptotic
responses. In mink lung epithelial (Mv1Lu) cells, TNF-a-in-
duced JNK activation and apoptosis were dependent on an-
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other upstream kinase, ASK1, which displayed sequence sim-
ilarities to upstream kinases in the S. cerevisiae HOG pathway
(230). The Fas receptor has recently been shown to activate
ASKI1 through interactions with the receptor-associated adapt-
er protein Daxx (75), and expression of constitutively active
Ga,; and Ga,, mutants (see “Cdc42p/JNK pathway and ion
homeostasis” below) led to ASK1 activation and induction of
apoptosis (40). The mechanism by which JNK induces apopto-
sis is unclear, but an interesting observation is that the JNKI,
JNK2, and JNK3 isoforms have potent in vitro kinase activity
against the tumor suppressor protein p53 (227) that affects p53
ubiquitination and stability (155, 156); whether this activity
depends on Cdc42p has not been determined.

Cdc42p and Nef-dependent HIV replication. A fascinating
connection has recently been made between Cdc42p and Nef-
dependent HIV replication and pathogenesis (for reviews, see
references 111 and 564). Nef associated with, and activated, a
cellular Ser/Thr PAK-like kinase, the Nef-associated kinase
(NAK). NAK shares epitopes with PAK but is not one of the
three major PAK isoforms (335, 508) (see “PAK-like kinases”
below). Activation of NAK appeared to be mediated through
Cdc42p (and Rac), in that expression of dominant negative
Cdc42™7N reduced NAK activity in transfected COS cells and
expression of activated Cdc429'2Y enhanced Nef association
with and activation of NAK activity (335). This NAK activation
also led to serum response element-dependent transcriptional
induction that was blocked by Cdc42™'™™ expression. In addi-
tion, Cdc42™"™ expression led to a reduction in HIV-1 pro-
duction in transfected COS cells. Determination of the physi-
ological role of Cdc42p in HIV pathogenesis should be active
area of investigation in the near future.

Cdc42p/JNK pathway and ion homeostasis. Activation of
mammalian NHE1, an integral membrane Na™-H™" exchanger
subtype involved in regulating intracellular ion homeostasis
and pH (421), by the Ga,; GTPase is mediated through the
Cdc42-MEKKI1-JNK pathway (40, 222, 580, 581). Although it
is unclear whether these JNK pathway effects are due to tran-
scriptional activation of the NHE1 gene or induction of NHE1
exchanger activity, expression of dominant negative MEKK1
inhibited the rapid activation of a Ga;3/Ga, chimera by the
D,-dopamine receptor (222), suggesting that transcriptional
regulation is not involved. Recently, the p115 Rho-GEF has
been shown to act as a GAP for Ga,; and Ga,, (275), and
Ga,y; has been shown to stimulate the guanine nucleotide
exchange activity of p115 Rho-GEF (207), which can lead to
Tec/Bmx nonreceptor tyrosine kinase-dependent induction of
serum response factor-dependent transcription (361-363).
These results suggest a regulatory connection between these
G-protein a subunits and members of the Rho/Rac family of
GTPases. Analysis of Ga, 5 knockout mice indicated that Ga, 5
functions in thrombin-dependent cell migration, probably in a
Cdc42p/actin-dependent manner, and in vascular system de-
velopment (433). In addition, expression of constitutively
active Ga 5 and Ga,, in differentiated PC12 cells led to Rho-
dependent neurite retraction and cell rounding (255). Another
interesting connection between Cdc42p and ion channels was
the recent identification of the human homolog (IBP72) of
the S. pombe Skbl protein kinase, which interacts with the
S. pombe PAK homolog Shk1/Pak1 (166) (see “S. pombe PAK-
like kinases” below) in a two-hybrid protein screen for proteins
that interacted with the pICln protein, a putative component of
the chloride channel (279). Given the unclear nature of the
role of pICln in chloride channel activation, the significance of
this interaction remains to be determined.

Cdc42p and host cell responses to bacterial invasion. Cdc42p
also plays a role in host signaling pathways that are activated in
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response to invasive bacteria (for reviews, see references 125
and 234). These pathways include actin rearrangements seen in
Salmonella and Shigella invasion (see below), as well as JNK
pathway-dependent induction of proinflammatory cytokines in
epithelial cells in response to Neisseria gonorrhoeae invasion
(414). Salmonella typhimurium can induce actin rearrange-
ments and macropinocytosis in host cells (149), and expression
of the dominant negative Cdc42™'”™ mutant protein in COS1
fibroblasts inhibited this induction and prevented internaliza-
tion of the bacteria into the host cells (85). Expression of the
activated Cdc42°'?Y mutant protein did not alter these pro-
cesses with wild-type Salmonella, but it did allow an invasion-
defective Salmonella mutant to invade COS1 and Rat-1 cells.
Salmonella invasion also induced JNK kinase activity, and ex-
pression of the Cdc42™7N mutant protein prevented this bac-
terially induced activation. These Salmonella-induced effects
were mediated by the Salmonella SopE protein (599), as evi-
denced by the ability of SopE both to act as a GEF for Cdc42p
and Raclp and to induce cytoskeletal rearrangements and
JNK kinase activation (200). Therefore, aspects of Salmonella
invasion are mediated through bacterial proteins impinging on
host cell signal transduction pathways.

The effects of Cdc42 on actin rearrangements and invasion
of HeLa cells by enteropathogenic E. coli (EPEC) were inves-
tigated by inhibiting Cdc42 function in three ways (33). Addi-
tion of compactin or ToxB led to disruption of normal actin
structures in HeLa cells but did not block EPEC-induced for-
mation of actin pedestal structures. Compactin inhibits Cdc42
function by inhibiting the 3-hydroxy-3-methylglutaryl coen-
zyme A reductase enzyme necessary for isoprene biosynthesis
and subsequent isoprenylation, while ToxB, which is the Clos-
tridium difficile toxin B protein, glucosylates and inactivates
Cdc42 (247). Expression of the dominant negative Cdc42™ "™
mutant protein did not affect the formation of actin pedestals,
but compactin and ToxB addition did inhibit the ability of
EPEC to invade HeLa cells, suggesting that actin pedestal
formation is not sufficient for EPEC invasion of HeLa cells.
Interestingly, treatment of various mammalian cell lines with
reagents that inhibited Rho activity, including Clostridium bot-
ulinum exoenzyme C3 transferase, inhibited the ability of Shi-
gella flexneri to invade but did not affect invasion of Salmonella
typhimurium (586), suggesting that Shigella flexneri utilizes host
Rho protein for invasion. However, generation of the actin
tail or “comet” produced by Shigella flexneri for its intracellular
movement was dependent on the Cdc42p effector N-WASP
(543) (see “Cdc42p downstream effectors” below), suggesting
that bacterially induced actin rearrangements can be mediated
through multiple Rho-type GTPases. These differences rein-
force the notion that different bacteria use different invasion
mechanisms (234). The future examination of Cdc42 effects
on actin rearrangements and proinflammatory cytokine pro-
duction in response to bacterial invasion should prove very
exciting.

In conclusion, an important question to consider is whether
all of the above-mentioned effects of Cdc42 on mamma-
lian cellular processes are mediated through interactions with
PAKSs and the INK/SAPK MAP kinase pathways. Clearly, oth-
er Cdc42p downstream effectors that function independently
of the JNK/SAPK pathway exist in mammalian cells, suggest-
ing that there may be bifurcations in Cdc42p-regulated path-
ways (Fig. 4C) (see below). Therefore, the exact nature in which
Cdc42p impinges on this myriad of mammalian cellular pro-
cesses remains to be determined.

MICROBIOL. MoOL. BIOL. REV.

Rerip/Budlp BP

—_—_—
Bemlp BV
—

DN )

G
42
PH Ca™- BDs
DD
R
W % Sttt |
R
IR
Dbll W % KRR |
Fodt | 77 B o |

FIG. 5. Structure of the representative Dbl family member GEFs Cdc24,
Scdl, Dbl, and Fgdl. The DH and PH domains are indicated, along with the
potential Ca>* binding domains and Ste4p, Rsrlp/Budlp, and Bemlp binding
domains in Cdc24. See the text for details.
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Guanine Nucleotide Exchange Factors

The activation of G proteins from an inactive GDP-bound
state to an active GTP-bound state requires the action of a
GEF. While the structures of GEFs for different G-protein
families (i.e., Ras, Rho/Rac/Cdc42, Rab, Arf, and heterotrim-
erics) are quite dissimilar, the mechanism of guanine nucleo-
tide exchange seems to be conserved (for a review, see refer-
ence 533). GEFs function by stabilizing the nucleotide-free
state of the G protein, through the disruption of both Mg>*
and nucleotide binding sites and subsequent GDP dissociation.
However, the means by which GEFs promote these effects
can be quite different. GEFs for the Rho/Rac/Cdc42 family of
GTPases all contain a Dbl homology (DH) domain (Fig. 5),
which is a highly «-helical (331) catalytically active domain,
and a PH domain, which functions in membrane localization
and has recently been shown to enhance DH-domain-depen-
dent nucleotide exchange (331).

S. cerevisiae Cdc24p. Cdc24p is believed to be the sole GEF
for Cdc42p in S. cerevisine. CDC24 mutants were among the
original cdc mutants isolated and characterized by Hartwell et
al. (211-213). The initial analysis of cdc24" mutants indicated
that Cdc24p plays a role in bud emergence, with cdc24* mu-
tants exhibiting a first cycle arrest as large, round unbudded
cells with multiple nuclei. The presence of multiple nuclei in
arrested cells was the first evidence that the budding cycle was
independent of the DNA synthesis and nuclear division cycles
in S. cerevisiae. Interestingly, overexpression of Cdc24p led to
similar morphological phenotypes (504, 641), indicating that
either a lack or an excess of Cdc24p leads to a loss of cell
polarity, presumably through the disruption of multiprotein
complexes (see below). Other phenotypes associated with
cdc24” mutants were delocalized chitin deposition throughout
the cell instead of the typical chitin ring formation at the
mother-bud neck region (528, 529) and defects in bud site
selection and localized deposition of mannan (528), localized
secretion of acid phosphatase (146), and mating (416, 472) (see
below). Delocalized chitin deposition in cdc24 mutants is prob-
ably due to the altered assembly of the 10-nm filament septin
ring, which is necessary for proper chitin ring formation (119).
Disruption of CDC24 led to death (106), indicating that
Cdc24p had an essential function in cell growth. The cdc24-3
and cdc24-4 mutant alleles displayed abnormal elongated buds
when grown at semipermissive temperatures (528), suggesting
that Cdc24p plays a role in the apical-isotropic switch (see
“S. cerevisiae” under “Functional studies” above). They also
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displayed defects in bud site selection to a discrete, nonran-
dom site in both haploids and diploids (528), suggesting that
Cdc24p is involved in the bud site selection process (see
below). When cdc24-4" cells were arrested in S phase with
hydroxyurea and then released into media at the restrictive
temperature, the predominant arrest phenotype observed con-
sisted of large mother cells with small buds (528), suggesting
that Cdc24p also functions after bud emergence to direct
growth preferentially into the enlarging bud instead of in the
nonenlarging mother cell.

In a screen for S. cerevisiae mutants sensitive to 100 mM
Ca?" in the growth media, 1 of 30 Ca®*-sensitive mutants, cs/4,
was shown by complementation and genetic linkage tests to be
allelic to CDC24 (436, 438). The cls4 mutant arrested in me-
dium containing 100 mM Ca** with large, round unbudded
cells and had wild-type levels of intracellular Ca>* and normal
rates of uptake of Ca®", indicating that the Ca®*-sensitive
phenotype was not due to an alteration in Ca®>* homeostasis
but was more likely to be due to an alteration in a Ca®*-
regulated process. Certain cdc24 alleles were also sensitive to
high-Na* growth media and showed synthetic lethality with a
vma5 vacuolar ATPase subunit mutant (591), suggesting that
Cdc24p may have functions outside its normal role in cell
polarity. Taken together, these data indicate that Cdc24p has
essential functions in bud site selection, organization of the cell
polarity machinery at the bud site, polarized growth into an
enlarging bud during the cell cycle, and mating and that cal-
cium may play an important role in Cdc24p function. These
functions coincide with Cdc42p functions (see “Functional
studies” above), reinforcing the physiological connection be-
tween these two proteins.

Cdc24p is a ~97-kDa protein with no apparent homologs in
the S. cerevisiae genome. Cdc24p contains three recognizable
functional domains (Fig. 5), including a DH domain that shows
a high degree of similarity to the Dbl family of GEFs (residues
283 to 452 [see below]), a PH domain (residues 472 to 681),
and two potential Ca>" binding domains (residues 649 to 658
and 820 to 831) inferred through homology to the a-lactalbu-
min and S-100a Ca®* binding domains, respectively (396).
It should be noted that one of the Ca>"-sensitive mutations,
cls4-2, is within the DH domain, suggesting that Ca** plays a
role in Cdc24p GEF activity. The observation that overexpres-
sion of either S. cerevisiae or human Cdc42p can suppress a
cdc24® mutant (35, 407), along with the similarity in cdc24
and cdc42 mutant phenotypes (see above), suggested that
Cdc24p is a GEF for Cdc42p. This possibility was addressed
both genetically and biochemically (630, 641). Overexpres-
sion of Cdc24p was able to suppress the dominant negative
cdc42P"'8 mutant (641), suggesting that the dominant nega-
tive effect was due to the binding and sequestration of Cdc24p
away from endogenous Cdc42p. This inference was substanti-
ated by analysis of two-hybrid protein interactions between
Cdc24p and Cdc42p (116). A GST-Cdc24p fusion protein stim-
ulated GDP dissociation from a GST-Cdc42p fusion protein in
vitro with a half time of ~5 min and also led to a four- to
fivefold increase in [*>S]GTPvS binding to GST-Cdc42p (630).
Cdc24p did not display these biochemical activities against
either Rholp or Rsrlp/Budlp (see below). In addition, Cdc24p
interacted tightly with a guanine nucleotide-depleted GST-
Cdc42p, slightly less so with GST-Cdc42-GDP, and less still
with GST-Cdc42-GTP~yS (629). These observations are consis-
tent with interactions seen between human Cdc42p and the
Dbl GEF and suggest that Cdc24p functions to stabilize the
nucleotide-depleted form of Cdc42p as a prelude to guanine
nucleotide exchange. These results, along with the observa-
tions that Cdc24p is an essential protein with no significant
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homologs in the S. cerevisiae genome, suggest that Cdc24p is
the sole physiological GEF for Cdc42p in S. cerevisiae.

By using Cdc24p-specific antisera, it was shown that Cdc24p
fractionated to a particulate pool (383, 397, 465) and seemed
to be present at the plasma membrane around the entire pe-
riphery of the cell in immunofluorescence microscopy experi-
ments (465). However, recent studies with functional GFP-
Cdc24p fusion proteins indicate that Cdc24p localizes to the
plasma membrane at the site of incipient bud emergence and
to the mother-bud neck region in large-budded cells (508b).
The mechanism by which Cdc24p is membrane associated is
unknown, but it may be through its PH domain or through
interactions with other proteins (see below).

(i) Cdc24p-Rsrlp/Budlp interactions. Besides interacting
with Cdc42p (see “GEF interaction domains” above), Cdc24p
interacts with Rsr1p/Budlp, Bem1p, and the Ste4p G subunit.
Rsrlp was originally identified in a genetic screen for multi-
copy suppressors of a cdc24-4" mutant (35). DNA and pre-
dicted amino acid sequence analyses indicated that Rsrlp
belonged to the Ras subfamily of the Ras superfamily of
GTPases. Rsrlp showed 57% identity to the first 120 amino
acids of c-Ha-Ras protein and yeast Raslp and Ras2p; its
closest homolog is the Krev-1/rapla protein, with 56% identity
over the entire protein. Deletion of Rsrlp did not result in
death, indicating that Rsrlp is not essential for growth, but it
did result in a random bud site selection pattern, as occurs with
certain cdc24 alleles (see above), suggesting that the role of
Rsrlp may be in the selection of the nonrandom site for bud
emergence. This possibility was confirmed when rsr]/ mutants
were identified in a screen for mutants defective in establishing
a normal axial budding pattern (80). This screen identified five
genes, designated BUDI through BUDS, of which BUDI was
shown to be allelic to RSRI. Subsequent genetic and biochem-
ical analyses have indicated that Bud2p is a GAP and Bud5p is
a GEF for the Rsrlp/Budlp GTPase (34, 64, 79, 81, 448, 450,
462).

Expression of the rsr activated allele, but not the
rsrI™'°N dominant negative allele, suppressed a cdc24 mutant
(499), suggesting that Rsrlp/Budlp must be in an activated
state to interact with Cdc24p. This hypothesis was confirmed
biochemically by showing interactions between GST-Rsrlp/
Budlp-GTP+S with Cdc24p (449, 629), as well as by the in-
ability of the rsrl/budl™>* effector domain mutant to suppress
a cdc24 mutant (383, 449) or to bind to Cdc24p (449). A trun-
cated protein containing residues 472 to 854 of Cdc24p, which
encompasses the PH domain and the potential Ca*>" binding
domains (Fig. 5), was capable of interacting with Rsr1p/Budlp
(449); the effects of added Ca** on Cdc24p-Rsr1p/Budlp in-
teractions were not tested. Interestingly, the Bem1p scaffold
protein (see below) preferentially bound to GDP-bound Rsrlp/
Budlp (449), suggesting that Rsrlp/Budlp has differential
binding partners depending on its nucleotide-bound state.
Binding of Cdc24p to GST-Rsr1p/Budlp in vitro did not affect
the Bud5p-dependent GEF activity on Rsrl1p/Budlp, and bind-
ing of GST-Rsrlp/Budlp to either GDP or GTPyS did not
affect the in vitro Cdc24p-dependent GEF activity on Cdc42p
(629). However, added Cdc24p did inhibit the intrinsic and
GAP-stimulated GTPase activity of Rsrlp/Budlp, suggesting
that binding of Cdc24p to Rsrlp/Budlp stabilizes the GTP-
bound form of Rsrlp/Budlp. These results suggest that Cdc24p
may act to connect the Rsrlp/Budlp-dependent bud site se-
lection process and the Cdc42p-dependent bud site organiza-
tion and polarized growth processes.

Rsrlp/Budlp contains a canonical C-terminal CAAX farne-
sylation site, which is modified, leading to membrane localiza-
tion. However, there are conflicting data on the subcellular
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localization of Rsrl1p/Budlp. One study, using polyclonal anti-
Budlp antibodies, indicated that the protein was distributed
entirely to the particulate fraction and was localized around
the entire periphery of the cell (383), while another study
indicated that ~10% of a HA-tagged Rsrlp/Budlp was in a
soluble fraction (449). There also are conflicting results on
the effects of guanine nucleotide on these fractionation pat-
terns. One study showed no dependence on the guanine nu-
cleotide-bound state of Rsrlp/Budlp (i.e., presumably GTP-
bound Bud19'*p and presumably GDP-bound Bud1¥'*™p
both fractionated solely to the particulate fraction) or on the
Bud2p GAP or the Bud5p GEF (383). Another study showed
Bud1'?Vp in both soluble and particulate pools but Bud1*!'*™p
only in a particulate pool (449), suggesting that GDP-bound
Rsrlp/Budlp was always membrane bound. These discrepan-
cies must be resolved before it is possible to conclude that
Rsrlp/Budlp cycles on and off the membrane as part of its
cellular function. Based on the above data, a possible role for
Rsrlp/Budlp is in the targeting and/or anchoring of Cdc24p to
the plasma membrane at the site of incipient bud emergence.
However, Rsrlp/Budlp was not necessary for the Cdc24p par-
ticulate fractionation pattern (383) (see above) or for localiza-
tion of Cdc42p to the tips of mating projections (133), suggest-
ing that the membrane localization of Cdc24p and Cdc42p
does not solely depend on their interactions with Rsr1p/Budlp.

(ii) Cdc24p-Bemlp interactions. Bemlp was identified in
three different genetic screens: as a synthetic lethal mutant
with msbl (36), a mutant that was identified as a multicopy
suppressor of the cdc24-4" and cdc42-1% alleles (35); as a
synthetic lethal mutant with a bud5 allele (79); and as a mutant
with mating defects that were due to an inability to form
mating projections (90, 91). The bem1” alleles analyzed dis-
played large, unbudded, multinucleate cells with delocalized
chitin and actin reminiscent of cdc24 and cdc42 alleles. Bem1p
is not essential but is important for growth, in that Abem1 cells
grew slowly at 23 and 30°C, but were ts and cs for growth (90);
however, this phenotype was strain specific in that the Abem1
mutation was lethal in other strain backgrounds (294). Bem1p
fractionated to both particulate and soluble pools and appears
to be a phosphoprotein, as evidenced by a protein mobility
shift on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis upon phosphatase addition (303). Bem1p localized to
the site of incipient bud emergence and to the tips of small
buds (21, 465), as do Cdc24p and Cdc42p. This localization was
not disrupted by incubation with the actin-depolymerizing drug
latrunculin-A (21), suggesting that Bem1p localization occurs
independently of actin localization.

Bemlp is a ~62-kDa protein with two N-terminal SH3 do-
mains, and it has a homolog (Scd2p/Ral3p) in S. pombe (73). In
GST affinity chromatography and yeast two-hybrid assays,
Cdc24p interacted with Bemlp through the C-terminal 35
amino acids of Cdc24p, which contain one of the two potential
Ca?" binding domains (Fig. 5), and the C-terminal 225 amino
acids of Bemlp (374, 458, 629); the Bem1p SH3 domains were
not necessary for this interaction. The in vitro interaction be-
tween GST-Bem1p and Cdc24p was inhibited by adding 2 mM
Ca?", which may explain the Ca®*-sensitive phenotypes of cls4
alleles (see above). As mentioned above, GST-Bemlp inter-
acted in vitro with GDP-bound Rsr1p/Budlp, but addition of
GST-Bemlp did not affect the in vitro, Bud5p-dependent GEF
activity toward Rsrlp/Budlp, the Cdc24p-dependent inhibition
of Rsrlp/Budlp GTPase activity, or the Cdc24p-dependent
GEF activity on Cdc42p (629). Therefore, the biochemical
consequences of Bem1p interaction remain elusive.

Through its interactions with a number of different proteins,
Bemlp is thought to serve as a scaffold protein to bring various
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proteins into an ~80S complex (458) during both the mitotic
cell cycle and the mating cycle. As mentioned above, Bem1p
interacts with Cdc24p, and this interaction was corroborated
genetically by the synthetic lethal phenotype of cdc24 beml
double mutants (458). In coimmunoprecipitation and yeast
two-hybrid protein experiments, Bemlp associated indepen-
dently with the Ste20p protein kinase, Ste5p, and with actin
and was necessary for the interaction between Ste20p and actin
(303). However, in another study (339), interactions were ob-
served between Bem1p and Ste5p but not between Bem1p and
Ste20p. Bem1p-Ste20p interactions were between the second
SH3 domain and C-terminal domain of Bem1p and the N-ter-
minal domain, including the CRIB domain, of Ste20p. Inter-
estingly, two bem1 truncation mutants (bemi-sI and bemI-s2)
that were identified by their mating defects (90, 91) were un-
able to interact with Ste20p but could still interact with Ste5p
and actin (303), suggesting that the mating defects were the
consequence of loss of Ste20p interactions. Bemlp was also
identified in two genetic screens in which overexpressed pro-
teins suppressed dominant-negative ste4 mutants (294) and the
a-factor resistance and G, arrest defect of a fus3-2 mutant
(339). In the former screen, Mdglp was also identified; over-
expression of this 41-kDa unique protein could also suppress
the bemlI-s1 mating defects. In the latter study, it was also
shown that Bem1p interacts with Farlp, a Cdc28-cyclin inhib-
itor, and can stimulate Fus3p protein kinase activity.

Bemlp may link Cdc42p- and Rho-dependent processes. It
was observed that bem mutants exhibited synthetic lethality
with bem?2 mutants (458) (Bem2p is a Rho-GAP) and that
overexpression of Bem1p suppressed the lethality of a Arho3
Arho4 double mutation (375). This suppression was mediated
by the second SH3 domain and the C-terminal 35 amino acids
of Bemlp (37, 374). The same two domains are essential for
Bemlp function in vivo, as evidenced by results with loss-of-
function bem! mutations (374). The second SH3 domain of
Bemlp also interacts with two functionally redundant proteins,
Boilp and Boi2p, through their proline-rich domains (37, 374).
Boilp and Boi2p are structurally similar, each containing a
N-terminal SH3 domain, a central proline-rich domain, and a
C-terminal PH domain. The Aboil Aboi2 double mutant dis-
played bud emergence defects and poor viability, which could
be suppressed by overexpression of Rho3p or Rhodp (37, 374).
Mutational analysis indicated that the C-terminal PH domain,
but not the SH3 domain or the proline-rich region, is necessary
and sufficient for Boilp morphological function (37). In addi-
tion, overexpression of Boilp or Boi2p alone (37, 374) or with
Rho3p (37) led to impaired growth and large, unbudded, mul-
tinucleate cells, which could be suppressed by overexpression
of Cdc42p (37). Interestingly, Boilp interacted with Cdc42p,
but not Rholp, Rho2p, Rho3p, or Rho4p, in two-hybrid pro-
tein assays, and this interaction was through the Boilp PH
domain.

Taken together, these data indicate that Bemlp interacts
with numerous proteins that are necessary for the budding
cycle and the mating cycle, and although its role in the budding
cycle is unclear beyond its ability to interact with multiple
components, its role in the mating cycle seems to be in acti-
vating the pheromone response kinase cascade through inter-
actions with Ste20p, Ste5p, and kinase components.

(iii) Cdc24p-Stedp interactions. Several lines of evidence
suggest that Cdc24p functions within the S. cerevisiae mating
pathway through interactions with the Stedp G subunit and
Cdc42p and that it functions prior to cell-cell fusion, possibly
by affecting the orientation of mating-projection formation in
response to localized high concentrations of pheromone (91,
416, 472, 527, 626). The original cdc24" mutants had reduced
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mating efficiencies (472), and the cdc24-4* strain had modest
defects in pheromone-induced, Ste4p-dependent transcription-
al activation. These defects could be suppressed by overexpres-
sion of wild-type or activated CDC42 alleles (527, 626). New
cdc24 mutant alleles have been identified in genetic screens for
mutants that have either reduced mating efficiencies with mat-
ing-enfeebled partners (91) or reduced mating efficiencies with
wild-type partners but no effects on the vegetative role of
Cdc24p (i.e., wild-type growth, morphology, bud site selection,
and actin distribution [416]). The latter cdc24-m1, cdc24-m2,
and cdc24-m3 mutants had wild-type phenotypes with respect
to pheromone-induced cell cycle arrest, transcriptional acti-
vation, mating-projection formation, and actin polarization but
had defects in cell-cell fusion, an inability to properly orient to
a mating-pheromone gradient, and decreased mating efficien-
cies with mating-enfeebled partners, suggesting that Cdc24p
may be playing a role in mating-projection orientation in re-
sponse to mating pheromone.

In two-hybrid protein assays, Cdc24p interacted with Stedp
(416, 626), an interaction mediated by the Cdc24p N-terminal
domain between residues 170 and 245 (416) (Fig. 5). Interest-
ingly, the cdc24-m1 and cdc24-m3 alleles encode amino acid
changes within this domain at residue 189 (S189F and S189P,
respectively) and the cdc24-m?2 allele encodes a D190G change
(416), suggesting that the loss of mating-projection orientation
seen in the cdc24-m1, cdc24-m2, and cdc24-m3 mutants may be
due to a loss of interaction with Ste4p and not with Cdc42p or
Bemlp; this inference was confirmed in two-hybrid protein
assays. This N-terminal domain of Cdc24p is separate from the
catalytic DH domain and the PH domain. Two-hybrid interac-
tions between Cdc24p and Stedp required the presence of the
G, subunit Ste18p, but in vitro GST affinity chromatography
experiments indicated that Cdc24p could interact directly with
Stedp in the absence of other yeast proteins (416). Whether
interactions between Cdc24p and Stedp occur in vivo awaits
coimmunoprecipitation experiments, but these in vitro and
two-hybrid protein data suggest that Cdc24p functions in mat-
ing-projection orientation through interactions with the Stedp
G subunit. It is not clear whether Cdc24p is serving as a GEF
for Cdc42p in this process or if Cdc24p and Cdc42p are local-
ized to mating projections in the cdc24-ml, cdc24-m2, and
cdc24-m3 mutants.

S. pombe GEF. A potential Cdc24 homolog, named Scdlp,
was identified in S. pombe in a genetic screen for mutants with
mating defects and round cells (73). Scd1lp showed 32% iden-
tity to Cdc24p, and this identity was found throughout the
coding region, including amino acids 194 to 254 (containing the
DH domain) (Fig. 5). Scdlp is the same protein as Rallp, also
identified as a mutant with mating and morphological defects
(159). Surprisingly, a scdl deletion did not lead to cell invia-
bility, as a cdc24 deletion does in S. cerevisiae, but it did result
in mating defects and round cells. This result brings into ques-
tion whether Scdlp is the sole physiological GEF for the es-
sential GTPase Cdc42p; this has not been tested biochemically
to date. Overexpression of S. cerevisiae Cdc24p could partially
suppress the mating and morphological defects of a scdl mu-
tant, and although overexpression of S. pombe Cdc42p could
not suppress the same defects, it did enhance the suppression
by S. cerevisiae Cdc24p. This result is again different from re-
sults with S. cerevisiae, in which overexpression of Cdc42p can
suppress cdc24” mutants. In two-hybrid protein assays, Scd1p
could interact with Scd2p, a potential Bem1p homolog that
was identified in the same genetic screen. In addition, Scd1p
could interact with S. pombe Cdc42p, but only when Scd2p
or S. pombe Raslp was overexpressed in the same cells, sug-
gesting that Scd1p may have to be bound to Scd2p or activated
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by Raslp in order to interact with Cdc42p. Scdlp also inter-
acted with Raslp in the presence of overexpressed Scd2p or
after the N-terminal 671 amino acids of Scdlp were deleted
(Scd1ANp); it could also interact with activated mutations of
human H-Ras. Interactions between Scd1ANp and Scd2p were
corroborated by GST affinity chromatography experiments.
While interactions between S. pombe Scdlp, Scd2p, and Raslp
are reminiscent of interactions between S. cerevisiae Cdc24p,
Bemlp, and Rsrlp/Budlp (see above), there remain questions
about the physiological role of Scd1p in S. pombe as a potential
GEF for Cdc42p.

Drosophila and C. elegans GEFs. Three potential Cdc42
GEFs have been identified in Drosophila to date: Drt-GEF
(589), still life (sif) (532), and DRho-GEF2 (29, 190). However,
none has been shown to have either in vitro or in vivo GEF
activity against Cdc42p. The 658-amino-acid Drt-GEF contains
an N-terminal SH3 domain followed by a DH domain and a
PH domain. Drt-GEF mRNA is expressed during oogenesis
and embryogenesis and seems to be concentrated in the ventral
furrow, cephalic furrow, posterior midgut, and anterior midgut
involutions, areas which undergo actin-dependent morpholog-
ical changes during gastrulation. The st#ill life (sif) mutant was
identified by reduced locomotor behavior, and the sif gene
encodes two differentially spliced products. Both contain two
PH domains, a PDZ domain, and a DH domain as well as
potential PEST sequences. The sif mRNA was found predom-
inantly in the brain and ventral nerve cord, and anti-Sif anti-
bodies were localized to the neuropils, the location at which
neurites form synapses, in both embryonic and adult brains.
Overexpression of full-length Sif was not associated with a
phenotype, but overexpression of a N-terminal truncation mu-
tant missing the sequences before the first PH domain resulted
in defects in axonal extension in Drosophila and induced mem-
brane ruffling in human KB cells. This mutant protein colo-
calized with actin structures at the ruffles. DRho-GEF2 was
identified as a dominant suppressor, Su(Rhol)2B, of DRhol
overexpression (29) and in a screen for maternal effects of
zygotic lethal mutations (190). The Su(Rhol)2B mutation
could not suppress the DRacl and Cdc42Dm overexpression
phenotypes, suggesting that DRho-GEF2 has Rhol-specific
functions. DRho-GEF2 is ~284 kDa and contains an N-termi-
nal PDZ domain followed by a potential phorbol ester/diacyl-
glyceride binding domain, a DH domain, and a PH domain.
Mutants defective in DRho-GEF2 function have abnormalities
in ventral-furrow formation and anterior and posterior midgut
invaginations that are qualitatively similar to those associated
with ectopic expression of a dominant negative Rho1™'® mu-
tant protein and not seen with ectopic expression of dominant
negative Cdc42 or Racl mutant proteins. This result reinforces
the possibility that DRho-GEF2 is an in vivo GEF for Rhol.

As mentioned above (see “C. elegans” under “Functional
studies”), the C. elegans unc-73 gene product exhibits struc-
tural homologies to the Dbl family of GEFs and has guanine
nucleotide exchange activity against CeRacl but not CeCdc42
in vitro (536); whether it is a GEF for Cdc42p in vivo is un-
known. No other potential C. elegans GEFs have been de-
scribed to date.

Mammalian GEFs. There are multiple potential Cdc42p-
GEFs in mammalian cells, including the Dbl, Dbs, Ost, Bcr,
and Abr oncoproteins, the Tiam-1 invasion-inducing protein,
the PAK-interacting exchange factor PIX, the FGD1 facio-
genital dysplasia protein, and the Brx estrogen receptor bind-
ing auxiliary protein (for reviews, see references 44, 71, 441,
and 594). The prototypical mammalian GEF is the Dbl onco-
protein, originally identified by malignant transformation of
NIH 3T3 cells with transfected DNA from a human B-cell
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lymphoma (138, 534). Comparison of the predicted amino acid
sequence of proto-Dbl with the Cdc24p GEF and the Ber
oncoprotein identified a ~200-amino-acid domain (residues
498 to 674 in Dbl) with significant sequence similarity (491).
Deletion of or mutations in this DH domain (Fig. 5), including
the replacement of the highly conserved LLLKELL sequence
at amino acids 640 to 646 with the conservative IITRDII se-
quence, resulted in loss of Dbl-transforming activity and GDP
dissociation activity (206, 491), suggesting that the DH domain
is necessary for both activities. Expression of the Dbl DH
domain by itself in NIH 3T3 cells did not lead to cellular
transformation (634), but fusion of the DH domain to GST
resulted in a protein with fully functional exchange activity
against Cdc42Hs (206), suggesting that the DH domain is not
sufficient for transformation but is sufficient for GEF activity.
It should be noted that DH domains have been found in all
known or potential Cdc42-GEFs identified to date but that the
presence of a DH domain does not determine that a protein
will have in vivo Cdc42-GEF activity. Dbl has in vitro GEF
activity (i.e., ability to stimulate GDP dissociation from and
promote GTP binding to a GTPase) against platelet and re-
combinant Cdc42Hs (205, 206) as well as RhoA and mem-
brane-bound Racl (206, 443, 611), and it is able to bind to the
Rho family members Cdc42Hs, RhoA, and Racl (206) and
murine Cdc42, Rho, RhoC, Racl, and RhoG (389) in GST
affinity chromatography experiments, suggesting that it has a
broad in vitro specificity range. Dbl binding to Cdc42 was
observed with nucleotide-free Cdc42p and to a lesser extent
with GDP-bound Cdc42p but not with GTP-bound Cdc42p
(206, 389), suggesting that Dbl may stabilize a nucleotide-free
or GDP-bound state of Cdc42p.

All known Dbl family members also have a ~100-amino-
acid PH domain, ubiquitously found C-terminal to the DH
domain (Fig. 5). Expression of the Dbl PH domain by itself in
NIH 3T3 cells did not lead to cellular transformation but did
inhibit the transforming ability of full-length Dbl in a specific
manner not seen with expression of the Vav or Cdc24 PH
domain (634). Deletion of the Dbl PH domain (residues 703 to
812) or addition of a GST-PH fusion domain had no effect on
the DH-dependent GEF activity. However, recent studies sug-
gest that the presence of a PH domain enhances the DH
catalytic activity (331). In immunoprecipitation studies with
NIH 3T3 cells, usually more than 50% of the Dbl protein was
found in Triton X-100-insoluble fractions (178, 634), suggest-
ing that Dbl is localized to the cytoskeletal matrix. Deletion of
the Dbl PH domain resulted in a protein with a cytosolic
fractionation pattern; addition of the Ras membrane localiza-
tion signal could restore the particulate fractionation pattern
but not the transforming activity of Dbl (634). In addition, a
FLAG epitope-tagged Dbl PH domain fractionated to the Tri-
ton X-100-insoluble pool. These data suggest that the Dbl PH
domain is necessary and sufficient for targeting of Dbl to its
proper subcellular location, a function that seems to be con-
served in a number of Dbl family members.

The Ost and Dbs Dbl family members have significant amino
acid sequence similarity to Dbl both inside and outside of the
DH and PH domains (224, 592). Both proteins have in vitro
GEF activity against Cdc42Hs and RhoA but not against Racl.
The Ber and Abr proteins have in vitro GEF activity against
Cdc42, RhoA, Racl, and Rac2 (95); the Ber protein contains
an N-terminal Ser/Thr kinase domain, and both proteins con-
tain C-terminal GAP domains that are functional against Racl
and Rac2 and to a lesser extent against Cdc42 (see “GTPase-
activating proteins” below). While the Tiam-1 protein has in
vitro GEF activity against RhoA, Cdc42Hs, and Racl (385), in
vivo studies strongly suggest that Tiam-1 activity is mediated
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through Racl (131, 189, 223, 386, 535). The PIX GEFs are new
members of the Dbl family that were identified as high-affinity
binding partners with PAK1 (360). These proteins display in
vitro GEF activity against Cdc42 and Racl, but as with Tiam-1,
the in vivo target may be solely Racl. Interestingly, PIX local-
ized to focal complexes, as did PAK and Cdc42, and it may act
in a Cdc42-independent targeting mechanism for targeting
PAKs to focal complexes (see “PAK-like kinases” below).

The faciogenital dysplasia protein (FGD1), which is encoded
by the genetic locus responsible for Aarskog-Scott syndrome
(452, 453), is believed to be a Cdc42-specific GEF in vivo. This
inference is based on the observations that (i) an epitope-
tagged FGD1 polypeptide containing its DH and PH domains
bound specifically to Cdc42, but not to Rho or Rac, in GST af-
finity chromatography experiments (631); (ii) the same FGD1
polypeptide displayed in vitro GEF activity against Cdc42 but
not Rho or Rac (631); (iii) microinjection of FGD1 into Swiss
3T3 fibroblasts led to a stimulation of G, cell cycle progression,
induction of filopodia, and activation of the JNK and p70 S6
kinases in a manner similar to activated alleles of Cdc42p (410,
443, 631); and (iv) FGD1 induction of filopodia was blocked by
coexpression of either the dominant negative Cdc42™ "™ mu-
tant protein (631) or the WASP CRIB domain (410). However,
recent evidence suggests that FGD1 may have Cdc42-indepen-
dent functions in certain signaling pathways (410, 593). Inter-
estingly, a FGD1-related protein, termed frabin, has recently
been identified and shown to interact with actin and induce
JNK activation and actin-dependent cell shape changes in
Swiss 3T3 cells (426); whether frabin has Cdc42 GEF activity
was not tested. The Brx estrogen receptor-binding auxiliary
protein contains DH and PH domains as well as a diacylglyce-
rol binding domain, and it is believed to function through Cdc42p
because expression of the dominant negative Cdc42™ "™ protein
led to a decrease in Brx-dependent induction of estrogen receptor
transcriptional activity (495). However, Brx has not been shown to
have in vitro or in vivo GEF activity against Cdc42p or other
Rho-type GTPases.

There is recent evidence suggesting that these GEFs have
the ability to differentially modulate Cdc42-dependent down-
stream effects. For instance, Dbl was able to stimulate PAK1
activation in COS7 cells to a higher degree than it could stim-
ulate JNK activation, while FGD1 stimulated JNK activation
but was unable to stimulate PAKI activation (635). However, de-
spite this wealth of information on potential mammalian Cdc42p
GEFs, the physiologically relevant Cdc42p GEFs and the pro-
cesses they regulate have not been definitively identified.

GTPase-Activating Proteins

The transition of G proteins from an active GTP-bound
state to an inactive GDP-bound state occurs through the in-
trinsic hydrolysis of GTP to GDP + inorganic phosphate (P;),
a process that can be significantly stimulated by the action of
GAPs. Cdc42p displays a ~10-fold higher intrinsic (GAP-in-
dependent) rate of GTP hydrolysis compared to Ras proteins
(210), and this rate can be further stimulated by the addition of
GTPase-activating proteins. It has been postulated that differ-
ences in the GTP binding domain (residues 115 to 118 in
Cdc42p) may account for the higher rate of GTP hydrolysis,
but this has not been experimentally tested to date. Recently,
it was shown that Cdc42p can undergo homodimer formation
in vitro and that this homodimer formation can lead to a
Cdc42-GTP-stimulated increase in intrinsic GTPase activity
(623). In addition, the C-terminal polybasic region of Cdc42p,
and specifically the R186 residue, was shown to be necessary
for homodimer formation and for this GAP activity (622, 623).
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Introduction of the K186R mutation into S. cerevisiae Cdc42p
leads to an increase in intrinsic GAP activity in vitro, a fs
loss-of-function phenotype in vivo, and abnormal cell morphol-
ogies at the permissive temperature (622), reinforcing a poten-
tial physiological role of the polybasic region in intrinsic GAP
activity.

S. cerevisiae Cdc42p GAPs. Bem3p, Rgalp/Dbmlp, and Rga2p
are three potential Cdc42p GAPs identified in S. cerevisiae,
but only Bem3p has been shown to have GAP activity against
Cdc42p in vitro (630). Bem3p was originally isolated as a mul-
ticopy suppressor of bem2” mutants (36, 630). The 125-kDa
Bem3p contains a C-terminal domain (residues 977 to 1140)
with significant similarity to Bem2p and other Rho-GAPs (630),
and this GAP domain can be subdivided into three subdomains
with various levels of sequence similarity (633). Bem3p also
contains a PH domain (residues 633 to 739). An E. coli-pro-
duced GST-Bem3p GAP domain (residues 751 to 1128) fusion
protein had in vitro GAP activity against a GST-Cdc42p fusion
protein that was not competed by the GST-Bem2p GAP do-
main fusion protein (630). The GST-Bem3p GAP domain fu-
sion protein also had in vitro GAP activity against human
Cdc42Hs but not against the GTPase-defective Cdc429'?Y mu-
tant protein, and it did not affect the binding of GTP to
Cdc42Hs (633). Analysis of Bem3p GAP domain deletions
indicated that all three GAP homology subdomains were nec-
essary for GAP activity, but analysis of chimeras between
Bem2p and Bem3p GAP subdomains indicated that the two
N-terminal subdomains were sufficient for Cdc42p binding and
GAP activity, albeit at ~30% of the GST-Bem3p levels (633).
Bem3p interacted with Cdc42p, but not with other Rho-type
GTPases, in a two-hybrid protein assay; this interaction was
enhanced with the GTPase-defective Cdc42°%' mutant pro-
tein (537). A Abem3 strain was viable with no morphological
abnormalities (references 537 and 630 and data not shown).

Rgalp/Dbmlp was identified in two independent genetic
screens (84, 537, 538). Rgalp was identified in a genetic screen
designed to isolate mutants that could activate the pheromone
response pathway in the absence of the Stedp G, subunit, as
assayed by FUSI::HIS3 expression (537, 538). Dbmlp was
identified as a dominant suppressor of a bem2” mutant (84).
The RGA1/DBM1 gene encodes a predicted ~113-kDa protein
that contains a C-terminal Rho-GAP domain and two N-ter-
minal LIM domains (84, 537), which are thought to bind zinc
ions and mediate protein-protein interactions (117, 384). De-
letion of RGAI did not lead to death, indicating that it is not
essential for growth, but the Argal mutation led to a shift in the
haploid bud site selection pattern from axial to bipolar and
increased the expression of a FUSI::lacZ reporter gene (84,
537). Overexpression of Rgalp led to a decrease in FUSI::lacZ
expression, which is consistent with Rgalp playing a negative
role in the regulation of the pheromone response pathway, as
well as a reduction in the restrictive temperature for the
cdc42-1" allele (537) and a reversal of the ability of overex-
pressed Cdc42p to suppress a cdc24” mutant (465). The Argal
mutation raised the restrictive temperature of a cdc24” mutant
and restored wild-type morphology to a cdc24* mutant at 30°C
(537), which is consistent with Rgalp acting in opposition to
Cdc24p as a negative regulator of Cdc42p function. While
Argal and Abem3 single mutants had modest morphological
defects, a Argal Abem3 double mutant displayed an aberrant
morphology of elongated cells with enlarged mother-bud neck
regions reminiscent of cells delayed in the apical-isotropic
switch, suggesting that Cdc42p must be inactivated to induce
this switch (84, 537). Interestingly, the double mutant was still
viable, suggesting that there may be additional Cdc42-GAPs
(see below).
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Rgalp interacted with Cdc42p, but not other Rho-type
GTPases, in a two-hybrid protein assay; this interaction was
enhanced with the GTPase-defective Cdc42°%' mutant pro-
tein (537) and lost with the Cdc42V*** effector domain mutant
protein (475a). Rgalp also did not interact with the Ste20p,
SteSp, Stellp, Ste7p, or Fus3p components of the pheromone
response pathway. Taken together, these data suggest that
Rgalp is a negative regulator of Cdc42p within the mating
pathway and possibly in the budding pathway and that it may
be functioning as a GAP, although biochemical characteriza-
tion of a Rgalp GAP activity has not been reported.

Another potential Cdc42-GAP, Rga2p, was identified through
its homology to Rgalp (532a). Rga2p contains a Rho-GAP do-
main and two LIM domains, and as with Rgalp, overexpres-
sion of Rga2p decreased the restrictive temperature of the
cdc42-17 allele and a Arga2 mutation raised the restrictive
temperature of a cdc24” mutant. However, a physiological role
for Rga2p has not been determined.

Drosophila and C. elegans GAPs. To date, the only potential
Cdc42-GAP identified in Drosophila is the RnRac-GAP, the
product of the rotund locus (7, 180, 181). Although RnRac-
GAP has not been shown to have GAP activity against Cdc42p,
overexpression of RnRac-GAP led to defects in actin organi-
zation similar to those seen with Drosophila cdc42 mutants (see
“Drosophila” under “Functional studies” above).

The only potential Cdc42-GAP identified to date in C. ele-
gans is the Ce-GAP isolated via DNA-DNA hybridization with
the GAP domain from the mammalian Ber GAP (86). How-
ever, a GST-Ce-GAP GAP domain fusion protein had in vitro
GAP activity against all three Rho-like GTPases in C. elegans
(Ce-Racl, CDC42Ce, and Ce-RhoA), as well as the C. elegans
Ras homolog Let-60. Therefore, this Ce-GAP has an even
higher degree of in vitro biochemical promiscuity than mam-
malian GAPs (see below), and the physiological role of this
GAP remains to be determined.

Mammalian GAPs. At least 12 mammalian proteins have in
vitro GAP activity against Cdc42p, including CDC42GAP/
p50rhoGAP (28, 163, 164, 210, 293, 403), Ber (124), Abr (95,
215, 548), p190GAP (518), n-chimaerin (8, 276, 357), 3BP-1
(98, 99), Graf (219, 553), RalBP1/RLIP76/RIP1 (65, 244, 451),
MgcRacGAP (562), PARG1 (506), myr5S (406, 474), and Cd-
GAP (292). However, most of these proteins also have in vitro
activity against Rac and Rho proteins (for review, see refer-
ences 290 and 572), and so the assignment of a subset of these
GAPs as specific in vivo Cdc42-GAPs has proven difficult.

In initial in vitro GAP assays, CDC42GAP/p50rhoGAP
showed a significant preference for Cdc42p over RhoA or Rac
(28, 293, 481). Subsequently, in three different in vitro GAP
assays (2-amino-6-mercapto-7-methylpurine ribonucleoside—
phosphorylase-coupled assay, [y-**P]GTP filter binding assay,
and tryptophan fluorescence methods), it was determined
that CDC42GAP/p50rhoGAP had ~60-fold-enhanced cata-
lytic efficiency against Cdc42 compared to Ber, 3BP-1, and
p190 (624). However, microinjection of the CDC42GAP/
pS0rhoGAP GAP domain into Swiss 3T3 cells led to an inhi-
bition of actin-dependent stress fibers, suggesting that it may
inhibit RhoA function within these cells (481). Ber has in vitro
GAP activity against Cdc42p and Rac, but microinjection of
the Ber-GAP domain into Swiss 3T3 cells led to inhibition of
membrane ruffling, suggesting that Ber interacts with Rac to
regulate ruffling in these cells (481). However, while analysis
of ber-null mutants corroborated the interactions between Ber
and Rac, the data indicated that the cellular functions of Bcr
were related to the Rac-dependent neutrophil respiratory
burst and not to membrane ruffling (579), suggesting that over-
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TABLE 3. Structural and/or functional domains within Cdc42 regulators and effectors

Domain® Function

Regulator or effector

CRIB (also PBD, GBD, PAK)

CH Binding to actin

DH GEF catalytic domain

FHI1, FH2 Binding to profilin, myosin

GRD Binding to Cdc42p

1Q (Ile and Gln residues) Binding to calmodulin

LIM Protein-protein interactions

PDZ Protein-protein interactions

PH Membrane localization and protein-
protein interactions

SH3 Binding to proline-rich domains

Binding to Cdc42p effector domain

PAK, ACK, Gek, MIHCK, MLK3, and MEKK4 kinases; Gicl;
Gic2; WASPs; N-WASP

Iqgl/Cpkl, IQGAPs

GEFs

Bnil, Bnrl, formins

Iqg1/Cpkl, IQGAPs

Iqg1/Cpkl, IQGAPs, N-WASP

Rgal, Rga2

Sif, DRhoGEF2

GEFs, Bem3, CeGAP, Cla4, Skm1, Pak2, Gek, Beel, WASPs,
N-WASP, Boil, Boi2

Myo3, MyoS, Beml1, Boil, Boi2, Scd2, DrtGEF

“ CRIB, Cdc42/Rac interactive binding; CH, calponin homology; DH, Dbl homology; FH1, FH2, formin homology 1, 2; GRD, GAP-related domain; PH, pleckstrin

homology; SH3, src homolog 3.

expression of the Ber-GAP domain may have pleiotropic ef-
fects in Swiss 3T3 cells.

The p190GAP has in vitro GAP activity against Cdc42p,
Rac, RhoA, and RhoB (518), with a ~ninefold-increased ac-
tivity against Rho, and microinjection of pI90GAP into Swiss
3T3 cells led to an inhibition of stress fiber formation (481),
suggesting that Rho is its physiological substrate. The p190GAP
interacted with Ras-GAP through its SH2 domains (56, 226,
518, 519), and the two proteins colocalized to actin structures
in EGF-stimulated cells (76), providing a possible mechanistic
link between the Ras and Rho signaling pathways. The n-
chimaerin GAP has in vitro GAP activity against Racl prefer-
entially over Cdc42p, but expression of dominant negative
Cdc42™ 7™ in Swiss 3T3 cells inhibited n-chimaerin-induced
filopodium formation and expression of dominant negative
Rac™"™ inhibited the n-chimaerin-induced lamellipodium for-
mation (276), suggesting that n-chimaerin can function with
both GTPases in vivo. The SH3 domain of Graf interacted with
the focal adhesion kinase and localized to cortical actin struc-
tures (219), but there are no data to discriminate between
Cdc42p or RhoA as its in vivo substrate. Microinjection of the
3BP-1 GAP inhibited Rac-dependent membrane ruffling, sug-
gesting that its in vivo substrate was Rac (99). The myr5 rat
unconventional myosin has a C-terminal domain with se-
quence similarity to Rho-GAP proteins and is functional as a
GAP protein against Cdc42p in vitro (474). However, recent in
vivo and in vitro studies suggest that myrS may be a specific
RhoA-GAP (406). The PARG1 protein, which was identified
by binding the PDZ domain of the PTPL1 protein tyrosine
phosphatase, displayed in vitro GAP activity against Cdc42p,
Rac, and Rho, but it had greater efficacy against Rho (506).
Recently, CdAGAP was identified in a yeast two-hybrid protein
screen with the Cdc42Y4°C effector domain mutant protein as
the bait (292). The proline-rich Cd-GAP had in vitro GAP
activity against both Cdc42p and Racl but not RhoA, and
microinjection of Cd-GAP into Swiss 3T3 cells led to the in-
hibition of Cdc42-dependent, bradykinin-induced filopodium
formation as well as Rac-dependent, PDGF-induced mem-
brane ruffles, suggesting that Cd-GAP can down-regulate both
Cdc42p and Rac in vivo.

All these GAPs contain a ~140-amino-acid GAP homology
domain, and each contains additional structural motifs, includ-
ing SH3 and SH2 domains, PH domains, DH domains, and
proline-rich SH3 binding domains (290) (Table 3). The re-
cently solved X-ray crystal structures of CDC42GAP/p50rho
GAP complexed with Cdc42Hs or RhoA (484, 485) suggest
that CDC42GAP/p50rhoGAP interacts with GTPases predom-
inantly through their switch I and II regions. Interestingly,

these structural determinations indicate that CDC42GAP/
pS0rhoGAP and Ras-GAP have very similar three-dimen-
sional structures while having little amino acid homology. For
example, both have their catalytic Arg residues (Arg fingers)
in approximately the same position, thereby stabilizing the
GTPase in a transition state that promotes GTP hydrolysis
(50). These structural and functional similarities suggest that
these GAPs may have derived from a common ancestor (31,
483) or may have arisen through convergent evolution (500).
Recently, the importance of the conserved Arg®>* and Arg’¢
residues in the catalytic function of CDC42GAP/p50rhoGAP
was genetically and biochemically confirmed (309), reinforcing
the X-ray crystal structure predictions and supporting a mech-
anism of action in which the positive charges of the Arg resi-
dues stabilize the negative charges that occur upon the inter-
actions between the catalytic GIn®' Cdc42 residue and the GTP

B-y oxygens (309).
Guanine Nucleotide Dissociation Inhibitors

GDIs have a diverse set of in vitro functions including the
ability to extract GTPases from membranes and the ability
to inhibit guanine nucleotide exchange and GTPase activity,
probably by sterically locking a GTPase in either a GDP- or
GTP-bound state. The physiological roles for Cdc42-GDIs
have not been examined in depth to date, but they will prob-
ably be shown to play a key role in regulating Cdc42p function
through the cell cycle by altering its subcellular localization.

S. cerevisiae Rdilp. Rho-GDI was purified from S. cerevisiae
cytosolic fractions by assaying for an activity that inhibited the
dissociation of [*H|GDP from bovine rhoA4 (373). Based on
peptide sequences, the Rho-GDI gene, RDI1, was isolated and
it encoded a ~23-kDa polypeptide with 36% identity to human
and bovine Rho-GDIs. A GST-Rdil fusion protein was active
on prenylated yeast Rholp and mammalian RhoA and Racl
but not on nonprenylated Rholp, suggesting that Rdilp inter-
acts with Rho-like GTPases through the C-terminal membrane
localization domain. Disruption of Rdilp did not lead to death
or defects in mating, sporulation, heat shock sensitivity, or
budding pattern, suggesting that the protein is not essential for
growth or morphogenesis. However, overexpression of Rdilp,
as well as bovine Rho-GDI, resulted in cell death. The mor-
phological phenotypes associated with this cell death have not
been reported, but if Rdilp can extract Cdc42p from cellular
membranes as mammalian Rho-GDI can, one would predict
that the phenotypes would resemble cdc42 loss-of-function
phenotypes. Myc-tagged Rdilp coimmunoprecipitated with HA-
tagged Rholp and Cdc42p (267), suggesting that Rdilp could
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interact with both GTPases within the cell. Rdilp fractionated
exclusively into soluble fractions, and immunofluorescence mi-
croscopy with HA-tagged Rdilp indicated that Rdilp was
present in the cytosol. There was no change in the fraction-
ation pattern of overexpressed HA-Cdc42p in a Ardil mutant
compared to the wild type, but overexpression of Rdilp led to
an increase in soluble Cdc42p (267). However, it should be
noted that in these experiments, HA-tagged Cdc42p was found
predominantly in soluble fractions, which is opposite from the
predominant particulate fractionation pattern of endogenous
Cdc42p (643). It remains to be seen if Rdilp displays GDI
activity against Cdc42p as exhibited by mammalian Rho-GDI
(see below).

Mammalian GDIs. Three Cdc42-GDI proteins have been
identified to date in mammalian cells; they are currently des-
ignated RhoGDIa (previously rhoGDI [for a review, see ref-
erence 549]), RhoGDIB (previously LD4, LyGDI, D4, or D4/
LyGDI [4, 306, 409, 459, 509]), and RhoGDIy (also known as
RhoGDI-3). The first Cdc42-GDI was purified from bovine
brain cytosol by its ability to inhibit the dissociation of labeled
GDP from Cdc42Hs (307); it effectively inhibited Dbl-cata-
lyzed GDP dissociation as well. Limited peptide sequence from
this 28-kDa purified protein suggested that it was identical to
the previously isolated 28-kDa Rho-GDI (160, 569), which was
shown to act as a GDI against Cdc42Hs (307) and to cosedi-
ment with Cdc42Hs (471). Rho-GDIa mRNA and protein
were expressed in the brain, lungs, thymus, spleen, small intes-
tines, and kidney (160, 524), suggesting that Rho-GDI« was a
ubiquitous and promiscuous regulator of Rho-type GTPases.
This GDI activity required the isoprenylation of Cdc42Hs, in
that unprenylated Cdc42Hs isolated from E. coli was not re-
sponsive to the GDI (208, 307) and addition of the prenylation
inhibitor lovastatin altered the Cdc42Hs sedimentation profile
toward a noncomplexed protein (471). Addition of purified
bovine brain Rho-GDI« to either human placental membranes
or membranes from human epidermoid carcinoma (A431)
cells containing Cdc42Hs resulted in a significant dissociation
of Cdc42Hs from the particulate pool into the soluble pool,
and this dissociation seemed to be insensitive to the Cdc42Hs-
bound guanine nucleotide (307), suggesting that the GDI can
interact with both GDP-bound and GTP-bound Cdc42Hs. A
GST-Rho-GDI« fusion protein could also efficiently extract
RhoA and Cdc42Hs, but not Racl, from rat liver membranes
(353). The Rho-GDle, either native or as a GST fusion pro-
tein, also inhibited the intrinsic and GAP-stimulated GTPase
activity of Cdc42Hs, and this GTPase inhibitory protein activity
also required isoprenylation of Cdc42Hs (208).

The effects of Rho-GDIa in most cell types were in the
disruption of actin-dependent structures and processes includ-
ing cell motility and cellular morphologies in Swiss 3T3 cells
(395, 546) and human keratinocytes (305), membrane ruffling
in human KB cells (418), and cytoplasmic division in Xenopus
embryos (262). In addition, overexpression of Rho-GDI« in
C2C12 myoblasts inhibited differentiation into myotubes by
affecting the transcription of myogenin and other regulatory
factors (547). However, it should be noted that the role of
Cdc42Hs-Rho-GDlu interactions in mediating these effects is
unknown.

By using N-methylanthraniloyl-GDP (Mant-GDP) and flu-
orescence spectroscopy (308), it was shown that the saturable
binding of Rho-GDIa to Cdc42Hs induced a conformational
change resulting in quenching of the Mant-GDP fluorescence
and that deleting the last 8 amino acids of Rho-GDI« inter-
fered with this interaction (422) and resulted in a loss of GDI
activity (459). As mentioned above (see “Cdc42Hs three-
dimensional structure”), it seems likely that this conforma-
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tional change is within the Cdc42Hs Rho insert domain,
thereby leading to a stabilization of the guanine nucleotide-
bound form. Recent studies involving Mant-GDP fluores-
cence with Rho-GDIa deletion mutants and Rho-GDIax NMR
structure determinations indicated that the C terminus of Rho-
GDIa formed a B-sandwich structure whose open end created
a pocket for isoprene binding and that N-terminal residues 23
to 42 were necessary for the GDI inhibitory activity (175).
These data suggested that GDI function was mediated through
the cooperative action of C-terminal and N-terminal residues.

Rho-GDIB was identified predominantly in hematopoietic
cells, and it had ~67% identity to Rho-GDIa. The activity of
Rho-GDIB toward Cdc42Hs is ~10- to 20-fold weaker than
that of Rho-GDla (4, 459), which correlated with a ~15-fold-
weaker interaction between Rho-GDIB and Cdc42Hs as as-
sayed by Mant-GDP fluorescence (422). Also, Cdc42Hs did
not cosediment with Rho-GDIp isolated from U937 hemato-
poietic cells (174), suggesting that although Rho-GDIB may
have in vitro GDI activity against Cdc42Hs, it may not be a
physiological GDI for Cdc42, a hypothesis corroborated by the
lack of significant mutant phenotypes associated with the dis-
ruption of both copies of Rho-GDIB in embryonal stem cells
(182).

Human Rho-GDIy was isolated from a human brain cDNA
library by low-stringency DNA-DNA hybridization against
Rho-GDIa and Rho-GDIB ¢cDNA probes (5); a mouse ho-
molog, termed Rho-GDI-3, was identified in a two-hybrid pro-
tein screen with RhoB as bait (620). The 52-kDa Rho-GDIy
was ~50% identical to Rho-GDIa and Rho-GDIB but con-
tained a highly hydrophobic 30 amino acid N-terminal domain
not found in the other Rho-GDIs. Analysis of mRNA levels
indicated that Rho-GDIy was expressed predominantly in the
brain and pancreas. In GST affinity chromatography experi-
ments, Rho-GDIy interacted with RhoA and Cdc42Hs but not
with Racl or Rac2. Rho-GDIy displayed in vitro GDI activity
against Cdc42Hs, but it was ~20-fold less potent than Rho-
GDIa. The murine Rho-GDI-3 interacted with, and had in
vitro GDI activity against, RhoB and RhoG and was expressed
in the brain, lungs, kidneys, and testes (620). Determination of
the physiological roles for Cdc42-GDIs in the future should
provide valuable insights into Cdc42p function and subcellular
localization.

Cdc42p DOWNSTREAM EFFECTORS

Cdc42p can interact with a myriad of downstream effectors
to regulate a diverse set of cellular functions. These effectors
preferentially bind to GTP-bound Cdc42p and transduce the
Cdc42p-dependent signals downstream to ultimately affect ac-
tin rearrangements, induction of transcription, and other cel-
lular processes (see above). It should be noted that the mech-
anism(s) by which the interactions between Cdc42p and its
effectors lead to this signal transduction is still unclear.

PAK-Like Kinases

S. cerevisiae PAK-like kinases. Ste20p, Cla4p, and Skmlp
are the three members of the PAK family of serine/threonine
protein kinases found in S. cerevisiae (for a review of PAKs, see
reference 516). All three have a highly conserved protein ki-
nase domain in their C termini as well as a CRIB domain in
their N termini. Cla4p and Skmlp differ from Ste20p in that
they contain a PH domain located N-terminal to the CRIB
domain. There are clear instances of overlapping functions for
these PAK-like kinases in regulating actin-dependent growth
during the cell cycle, the pheromone response pathway, and
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filamentous growth. However, it remains to be determined
whether these overlaps are physiologically relevant or are due
to imposed artificial stresses uncovering biochemical redun-
dancies.

(i) Ste20p. Ste20p was identified in two different genetic
screens by its ability, when overexpressed on a multicopy plas-
mid, to either suppress the sterility caused by overexpression of
the dominant negative ste4”°*™ mutant allele in a Aste4 back-
ground (295) (Ste4 encodes the G subunit of the pheromone
response pathway heterotrimeric G protein [596]) or induce
the transcriptional activation of a FUSI-lacZ fusion protein
independent of added pheromone (469). Disruption of the
Ste20p kinase domain resulted in cells with defects in mating,
pheromone sensitivity, transcriptional induction of mating-spe-
cific genes, and induction of mating projections (295, 469),
while overexpression of N-terminal truncation mutants in
which the CRIB domain and other sequences, but not the
kinase domain, were deleted, caused death (298, 469). Epista-
sis experiments with mutant alleles of other components of the
pheromone response pathway indicated that Ste20p func-
tioned at or just below the level of the G protein but above the
Stel1p-Ste7p-Fus3p/Ksslp MAP kinase signaling module. Re-
cent data indicates that Ste20p interacts directly with the Stedp
Gg subunit and that this interaction is enhanced upon phero-
mone addition (304). A small (14-amino-acid [ANSSLAPLVK
LARL]) domain C-terminal to the kinase domain was neces-
sary and sufficient for this interaction, and mutating the under-
lined Ser and Pro residues led to loss of this interaction. In-
terestingly, the Cladp kinase (see below) does not have this
highly conserved domain and interacts weakly with Stedp, sug-
gesting that these interactions play a role in the in vivo speci-
ficity of the PAKSs.

In addition to its role in the pheromone response pathway,
Ste20p was shown to be necessary for the Cdc42p-dependent
induction of filamentous growth (405). Interactions between
Cdc42p and the CRIB domain of Ste20p were necessary for
this induction (298). Recent data also suggested that Ste20p
mediates Cdc42p effects on the actin cytoskeleton during the
mitotic cell cycle. Overexpression of a GST-Ste20p fusion pro-
tein, but not a kinase-inactive mutant protein, could suppress
the cdc42-1" growth and morphological phenotypes, and add-
ed GST-Ste20p could reverse the rhodamine-labeled actin po-
lymerization defects observed in permeabilized cdc42-1" mu-
tant cells (130). There were also defects in rhodamine-labeled
actin polymerization observed in permeabilized Aste20 and
Acla4 mutants, which could be reversed by adding GST-
Ste20p, suggesting that both Ste20p and Cla4p (see below) can
mediate Cdc42p effects on the actin cytoskeleton. Interestingly,
the Clnlp-2p/Cdc28p G; CDK complex can phosphorylate
Ste20p at the time that Ste20p is localized to the sites of
polarized growth at the bud tips, but this phosphorylation does
not seem to affect Ste20p kinase activity (431, 601). However,
the Cln2p-Cdc28p phosphorylation of Ste20p does correlate
with a repression of the pheromone response signaling path-
way (431), suggesting that Ste20p phosphorylation induces a
switch between the mitotic cell cycle and mating responses.

Characterization of in vitro and in vivo Ste20p kinase activity
indicated that Ste20p is a phosphoprotein that can undergo
autophosphorylation that is necessary for its kinase activity and
depends on the K°* and T””” residues. Ste20p can phosphor-
ylate the Stellp kinase in vitro, which is the next downstream
kinase in the pheromone response MAP kinase module, on Ser
and Thr residues (603). In addition, both Ste20p and Cladp can
phosphorylate S**7 of the head domain of the Myo3p myosin I
heavy-chain protein in S. cerevisiae (602). This phosphorylation
was deemed necessary for Myo3p function because the S357A
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mutation resulted in a nonphosphorylated, nonfunctional pro-
tein and the S357D mutation, which would mimic the phos-
phorylation state of S357, resulted in a functional protein. The
Myo035%7" mutant allele could not suppress the lethality or
morphological defects associated with the Aste20 Acla4 double
mutant or Acla4 single mutant (see below), suggesting that
Myo3 was not the sole physiologically important substrate for
Ste20p and Cla4p. Phosphorylation of the Dictyostelium myo-
sin I homolog led to actin-stimulated Mg>*-ATPase activity
and motor activity (604); it is unknown if Myo3p has similar
functions in S. cerevisiae. A myosin I heavy-chain kinase
(MIHCK) with sequence similarities to PAKs has been iden-
tified in Dictyostelium (302) and Acanthamoeba (57), and the
Dictyostelium MIHCK contained a CRIB domain and kinase
domain, bound to GTP-Cdc42p and GTP-Raclp in overlay as-
says, and autophosphorylated in the presence of GTPvyS-Raclp
and GTPyS-Cdc42p (301, 302). In addition, another Ste20-like
kinase from Dictyostelium has recently been shown to phos-
phorylate the Ca”*-dependent actin fragmenting protein sev-
erin (132).

By using two-hybrid protein assays, GST affinity chromatog-
raphy experiments, and immunoprecipitation experiments, it
has been shown that Ste20p preferentially interacted with
Cdc42p-GTP in vitro and in vivo (298, 456, 527). This interac-
tion was between the effector domain of Cdc42p and the CRIB
domain of Ste20p, as evidenced by the loss of binding seen with
the Cdc42" effector domain mutant protein (456) or the
CRIB-deleted Ste20p-A335-370 (456) or Ste20p-A334-369
(298), by the inability of the Cdc42™*3* mutant protein to
suppress a ste20°*’® dominant negative mutant (456), and by
the ability of wild-type Cdc42p and the GTP-bound Cdc42°¢'-
mutant protein, but not the dominant negative Cdc42P!'84
mutant protein, to suppress a ste20%°*°® dominant negative
mutant (456). Interestingly, the Cdc42V*** effector domain
mutant protein still interacted with Ste20p at comparable lev-
els to wild-type Cdc42p (475a), indicating that Ste20p interacts
with a subdomain of the effector domain. Further evidence for
an in vivo interaction between Cdc42p and Ste20p came from
the examination of a mutant strain containing the Acla4 and
Aste20 mutations along with a cla4-75* allele (112, 298, 456).
This strain is inviable at 37°C but can be complemented by
expressing wild-type Ste20p on a plasmid; however, expression
of a catalytically inactive Ste20-K649R mutant allele or the
CRIB-deleted Ste20p-A335-370 mutant allele could not com-
plement the defect (456). Similar results were seen when
CRIB-deleted Ste20 mutant alleles were assayed for their abil-
ity to suppress a Acla4 Aste20 double mutant that was viable
upon GALI-CLA4 expression but inviable on glucose media
(298). Deletion of STE20 or other downstream components of
the pheromone response pathway did not affect the ability of
activated Cdc429'?Y mutant protein to cause death and ab-
normal multibudded cells (9, 116), suggesting that Ste20p did
not mediate Cdc42°'*Vp effects.

Binding of Cdc42p-GTP to Ste20p was not required for
Ste20p kinase activity in vitro (298, 456) (an effect of GTP-
Cdc42 on Ste20p kinase activity has been reported [527]), and
deletion of the N-terminal regulatory domain including the
CRIB domain resulted in full and weakly constitutive catalytic
activity (456), suggesting that binding of Cdc42p-GTP to the
Ste20p N-terminal domain relieved a negative regulatory effect
of this domain on the kinase activity. The effects of Cdc42p
binding to Ste20p on the mating pathway were examined by
analyzing the effects of the CRIB-deleted mutant Ste20p (298,
456). In both studies, it was shown that deletion of the CRIB
domain had little effect on the pheromone response pathway as
assayed by mating efficiencies, a-factor halo assays, induction
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of a FUSI:lacZ reporter gene, and generation of properly
oriented, morphologically normal mating projections. Interest-
ingly, there were defects in bilateral mating (i.e., mating be-
tween cells with the same ste20 mutants) and in mating with
farl-c mutants that also display bilateral mating defects. These
types of bilateral-mating defects are thought to be the conse-
quence of loss of oriented mating projections toward the op-
posite mating partner, but this was not shown to be the case
with the ste20 mutants (298). Instead, it appeared that these
mutants had defects in the cell-cell fusion event preceding
zygote formation. Taken together, these results suggest that
Cdc42p-Ste20p interactions are not necessary for induction of
the pheromone response signaling pathway (see “Mating path-
way” under “Functional studies” above). Cdc42p-Ste20p inter-
actions are necessary for the generation of pseudohyphae upon
nitrogen starvation (298, 456, 488), and these interactions are
mediated through the S. cerevisiae 14-3-3 proteins Bmh1p and
Bmh2p as well as components of the pheromone response
pathway (see “Pseudohyphal and invasive growth” above).

Wild-type Ste20p was localized to the sites of polarized
growth in emerging buds and in mating projections, while the
CRIB-deleted Ste20p showed a general cytoplasmic staining
(298, 456), indicating that binding to Cdc42p is necessary for
proper localization of Ste20p to sites of polarized growth. In
summary, loss of Cdc42p binding does not dramatically alter
the Ste20p kinase activity or Ste20p function in the pheromone
response pathway, which is probably mediated through inter-
actions with the Stedp Gy subunit (see above), but does
affect Ste20p function in filamentous growth and progres-
sion through the cell cycle. The primary role for Cdc42p-
Ste20p interactions may be in stabilizing Ste20p in the proper
subcellular location so that it can interact with its downstream
substrates.

(ii) Cladp. Cla4p was originally identified in two genetic
screens designed to identify mutants unable to survive in the
absence of the two G, cyclins Clnlp and CIn2p (39, 113). The
clad/erc10 cinl cln2 triple mutants displayed abnormal mor-
phologies, including elongated buds, wide mother-bud necks,
and multinucleate cells, indicative of a delay in either the
apical-isotropic bud growth switch and/or nuclear division
and/or a cytokinesis defect. Another mutant allele identified in
the screen was clal0, which was allelic to CDC12, a member of
the septin family of proteins that comprise the 10-nm filaments
laid down at the mother-bud neck region in late G, post-
START and are necessary for proper cytokinesis (see below).
Cla4p showed significant sequence similarity to Ste20p within
its kinase and CRIB domains, with the exception that Cladp
contained a PH domain in its N terminus (112). Deletion of the
CRIB domain or the PH domain resulted in a nonfunctional or
partially functional protein (38). Deletion of the Cladp cata-
lytic kinase domain did not result in death but did result in
morphogenetic defects similar to the original cla4 mutant (112).

The Cla4p CRIB domain could bind to Cdc42p in [**P]GTP
overlay assays, and full-length Cla4dp interacted with Cdc42p in
the yeast two-hybrid protein assay (112). The Cdc42V*** mu-
tation interfered with Cdc42p-Cladp interactions in the two-
hybrid assay (475a), suggesting that Cla4p interacted with
Cdc42p through the effector domain. Cladp interacted more
strongly with Cdc42°'#Vp and did not interact with other
S. cerevisiae Rho-type GTPases (112), indicating that Cladp
was a bona fide downstream effector of Cdc42. This conclusion
was reinforced by the Acla4 cdc42-1" and Acla4 cdc42V***
double-mutant synthetic lethality (112, 475a) and the alter-
ation of Cdc429'?V-dependent abnormal cellular morpholo-
gies in a Acla4 background (116). While Acla4 and Aste20
single mutants did not die, the Acla4 Aste20 double mutant was
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inviable (112), indicating that Cladp and Ste20p have an over-
lapping essential function. This essential function was not
within the pheromone response pathway or the protein kinase
C pathway, as evidenced by the inability of mutations within
these pathways to suppress cla4 mutants. Mutations in the
HOG (for “high-osmolarity glycerol”) pathway (reviewed in
references 26 and 574) exacerbated Acla4 mutant phenotypes
and abolished the ability of high Na™ concentrations to rescue
a Acla4 mutant, suggesting that there may be common func-
tions between these pathways. Interestingly, the morphological
defects associated with the cdc42V*** mutant allele could also
be remediated by high Na™ concentrations and by overexpres-
sion of Cladp (475a). A cla4-75" Aste20 double mutant at
restrictive temperatures displayed defects in cellular morphol-
ogies (enlarged mother-bud necks) and septin ring assembly
but not in cortical actin localization (112), suggesting the pres-
ence of other downstream effectors that could transduce the
Cdc42p signal to the actin cytoskeleton. However, recent data
suggests that both Ste20p and Cladp can mediate Cdc42p ef-
fects on the actin cytoskeleton (see the previous section).
Immunoprecipitated Cladp had in vitro kinase activity against
the nonphysiological substrate myelin basic protein (38) as well
as the S. cerevisiae Myo3p myosin I protein (602) (see above),
although the physiological relevance of this phosphorylation is
not known. This kinase activity was reduced three- to fourfold
when the Cladp was isolated from either a cdc42-1 or cdc24-1
mutant background (38), suggesting that functional GTP-
bound Cdc42p is needed to activate Cladp kinase activity.
Cladp kinase activity was cell cycle regulated, with a peak of
activity during G,/M. This cyclical kinase activity depended on
binding of Cdc42p, because a CRIB-deleted Cladp did not show
this cell cycle control and because expression of activated
Cdc42°'*Vp, but not dominant negative Cdc42P!*¥4p, resulted
in a ~2.5-fold increase in kinase activity. Activated Cdc429'*Vp
along with the mitotic cyclin Clb2p-Cdc28p kinase complex led
to the hyperphosphorylation of Cladp and subsequent mitosis-
specific and septin-specific hyperphosphorylation of the Gin4p
protein kinase (14, 67, 333, 560), reinforcing a possible role for
Cladp during mitosis or cytokinesis, although the in vitro Cladp
kinase activity did not seem to be altered by its hyperphospho-
rylation. It remains to be seen if Cdc42p is needed for the
subcellular localization of Cladp, as it is for Ste20p (see above).
In addition to displaying synthetic lethality with cdc42 mu-
tants, a cla4::LEU2 mutant was synthetic lethal with a cdci2
septin mutant and septin ring localization was defective in cla4
mutant cells (112). The S. cerevisiae mitotic septins, products of
the CDC3, CDCI10, CDC11, and CDCI12 genes, belong to a
family of eukaryotic proteins that are involved in regulating
cytokinesis and cellular morphogenesis (for reviews, see refer-
ences 78, 107, and 332). In S. cerevisiae, these proteins are
components of a 10-nm filament ring that is set down at the site
of bud emergence ~15 min prior to bud emergence (260) in an
actin-independent manner (21) and that persists at the mother-
bud neck region through cytokinesis. The function of the sep-
tins is unclear, but recently they were shown to be necessary for
the localization of various components of the bud site selection
machinery (e.g., Bud4p) and the chitin biosynthesis/targeting
machinery to the bud emergence site (119, 505), for the mito-
sis-specific phosphorylation of the Gindp protein kinase (67,
333), and for the assembly and maintenance of the contractile
actomyosin ring needed for cytokinesis (41). Taken together,
these data suggest that the primary role of Cla4p is in regulat-
ing cytokinesis through interactions with Cdc42p and septins.
The detailed analysis of Cdc42p-Cladp and Cla4p-septin inter-
actions, as well as the identification of physiological Cladp
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phosphosubstrates, should greatly enhance our understanding
of the function of this key regulatory kinase.

(iii) Skmlp. Skmlp was identified on chromosome XV
through the S. cerevisiae genome-sequencing project (371).
It exhibited higher sequence similarity to Cla4p than to
Ste20p, including the presence of a PH domain in its N ter-
minus. Skmlp showed weak interactions with Cdc42p in
two-hybrid grotein assays, but it interacted more strongly
with Cdc42°'#Vp (475a), indicating that it was a bona fide
downstream effector of Cdc42p. As with Ste20p, this interac-
tion was not affected by the Cdc42V*** effector domain muta-
tion, suggesting that Skm1p interacts with another subdomain
of the Cdc42p effector domain. Disruption of Skmlp did not
cause death (371), indicating that Skmlp does not play an
essential role in cell growth. Loss of Skm1p also did not show
adverse effects on cellular morphologies, bud site selection,
growth on high-osmolarity media, or mating, and did not show
a synthetic lethal phenotype with a Acla4 or Aste20 mutant
or mutations in the CDCI0 septin, the Rho-GAP BEM?2 or
CDC(C42. Expression of Skm1p on a high-copy-number plasmid
could not suppress the Acla4 or Aste20 mutant phenotype;
overexpression under an inducible promoter was not tested.
However, overexpression of a GST-Skm1p fusion protein led
to an abnormal cellular morphology of large, round, multinu-
cleate cells with small, sometimes multiple, buds, suggesting
that Skmlp may be functioning in cellular morphogenesis.
Deletion analysis indicated that overexpression of the catalytic
kinase domain was responsible for this phenotype as well as for
an ability to suppress Aste20 mating defects. Overexpression of
the Skmlp catalytic domain also led to severe growth defects
similar to those seen with N-terminal truncation mutants of
Ste20p and Cla4p, reinforcing the notion that the N-terminal
domain of these PAK-like kinases containing the CRIB do-
main plays a negative regulatory function on kinase activity
that is relieved by binding of Cdc42p. A detailed genetic anal-
ysis of SKM1 is needed to pinpoint its cellular function.

S. pombe PAK-like kinases. There are two known PAK ho-
mologs in S. pombe, Paklp/Shklp (364, 447) and Pak2p/Shk2p
(515, 616). The pakl™ (447) and shkl™ (364) gene product was
isolated in two independent screens by degenerate oligonucle-
otide PCR based on S. cerevisiae Ste20 sequences; pak2™* was
isolated in a cDNA library screen with the pakl PCR product
(447). The pakl */shkl™ gene encoded a 72-kDa protein with
significant amino acid identity to the PAK family, especially
within the kinase domain and the N-terminal CRIB domain,
and was shown to have in vitro autophosphorylation activity
predominantly on Ser residues (447). Analysis of Apakl/shkl
mutants indicated that Paklp/Shklp was essential for cell
growth, with mutant cells exhibiting a small, round cellular
phenotype reminiscent of cdc42 null mutants (390). Paklp/
Shklp preferentially interacted with GTP-Cdc42p in GST af-
finity chromatography experiments and with the Cdc429'?Y
activated allele in two-hybrid protein assays (447). This inter-
action was abolished with the T35A effector domain mutation
(447) and was not seen with the Cdc42™'"™ dominant negative
allele (364, 447), suggesting that Paklp/Shklp is a bona fide
downstream effector of Cdc42p. This point was corroborated
by the observations that co-overexpression of mutant alleles of
cdc42 and pakl led to lethal growth and morphology defects
(447) and that overexpression of wild-type Paklp or a kinase-
defective K415,416R mutant protein (447) or a C-terminal
truncation mutant protein that still contained the CRIB do-
main (364) resulted in cells with abnormal morphologies and
delocalized cortical actin structures. Both Paklp/Shklp and
Cdc42p also functioned in the mating pathway, as evidenced by
the reduced mating in the cdc42™™ dominant negative mu-
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tant and the pakl®*'>*1°R kinase-defective mutant (364,
447), by the ability of Paklp/Shklp to partially suppress the
cdc42™™ mating defect (364) and the S. cerevisiae ste20 mat-
ing defect (447), and by the ability of a Pak1lp/Shk1p N-termi-
nal deletion mutant protein to activate the S. cerevisiae phero-
mone response pathway (364) and to interfere with two-hybrid
protein interactions between the S. pombe Byrl and Byr2 pro-
tein kinases involved in Ras-mediated pheromone response
(568).

Pak2p/Shk2p also showed a high degree of sequence simi-
larity to PAK-like kinases and was most similar to S. cerevisiae
Cladp and Skmlp in that Pak2p contained a N-terminal PH
domain not found in Paklp/Shklp (515, 616). Like Paklp,
Pak2p/Shk2p preferentially interacted with activated Cdc42p
in two-hybrid protein assays and GST affinity chromatography
experiments, but unlike Paklp, deletion of pak2/shk2 did not
lead to a lethal phenotype and Apak2/shk2 mutants did not
display any morphological or mating defects. However, over-
expression of Pak2p/Shk2p led to morphological defects and
could suppress the morphological and mating defects associ-
ated with Apakl mutants, and this suppression required the
Pak2p/Shk2p PH and CRIB domains. In addition, co-overex-
pression of Pak2p/Shk2p and Cdc42p led to cell death and ab-
errant cellular morphologies. Overexpression of Pak2p/Shk2p
in S. cerevisiae could not suppress the mating defects associ-
ated with Aste20 mutants or the morphological defects associ-
ated with Acla4 single or Acla4 ste20 double mutants; effects on
Skm1p function were not analyzed. Therefore, it is likely that
Pak2p/Shk2p is a downstream effector of Cdc42p in S. pombe,
but its function in the polarity pathway is yet unknown.

In a two-hybrid protein screen with Paklp/Shklp as bait, a
new protein kinase termed Skblp was identified (166). Skblp
interacted with Paklp/Shklp, Pak2p/Shk2p (616), and itself
but did not interact with Cdc42p, Scd1p, Scd2p, Ste20p, Raslp,
or mammalian p6574¥. The interaction with Pak1p/Shk1p was
through a domain adjacent to the Paklp/Shklp CRIB domain
and the N-terminal 72 amino acids of Skblp. Deletion of skb!
did not result in death or mating defects but did result in a
slightly slower growth and a mild shortened-cell morphological
phenotype that was suppressed by overexpression of Paklp/
Shklp. Overexpression of Skblp resulted in hyperelongated
cells and, together with overexpression of Pak1p/Shk1p, result-
ed in suppression of a ras] mutant morphology. These data are
consistent with Skblp acting as a positive effector of Paklp/
Shklp function. Recently, a 72-kDa mammalian homolog of
Skblp, termed IBP72, which was 52% similar in predicted ami-
no acid sequence to Skblp, was shown to interact in vitro and
in two-hybrid protein assays with pICln, a protein involved in
the regulation of a nucleotide-sensitive chloride current (279).
Interestingly, mammalian Cdc42p also has been implicated in
ion homeostasis through G-protein coupled Na™-K™ exchange
(222) (see “Mammals” under “Functional studies” above).

A new S. pombe Ser/Thr protein kinase, termed Orb6p, was
recently implicated in acting downstream of Paklp/Shklp in
controlling cell polarity (575, 576). Orb6p shows significant
amino acid similarity to the mammalian Rho-associated kinase
and the myotonic dystrophy kinase DMPK (see below), and
orb6” mutants display defects in polarized cell growth and
actin organization. The possibility that Orb6p acts downstream
of Paklp/Shklp was deduced from the observations that orb6
mutants displayed synthetic lethality with pak1/shk1/orb2" mu-
tants and that overexpression of Orb6p suppressed the pakl/
shk1/orb2" mutant morphology defects. A physical interaction
between Pak1p/Shklp and Orb6p has not been reported to date.

Drosophila and C. elegans PAK-like kinases. The Drosophila
PAK homolog (DPAK) was identified by low-stringency DNA-
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DNA hybridization from an embryonic cDNA library (199).
The 76-kDa DPAK contained a highly conserved CRIB do-
main as well as a Ser/Thr kinase domain. A GST fusion to the
DPAK N-terminal CRIB domain bound to Drosophila RacA
(DRacA) and Cdc42p (Dcdc42) and human Racl and Cdc42p
(data not shown) in an overlay assay (199). DPAK mRNA and
protein were localized ubiquitously throughout embryonic de-
velopment, with elevated localization in epidermal cells asso-
ciated with the dorsal vessel and muscle attachment sites as
well as the central nervous system. DPAK colocalized with
antiphosphotyrosine antibodies to focal adhesions and focal
complexes, and with F-actin caps in the syncytial blastoderm
and the leading edge of epidermal cells during dorsal closure
over the amnioserosa, a process that is inhibited by expression
of a dominant negative DRacA transgene (198). Therefore, it
is unclear whether DPAK is a physiological Cdc42 effector.

Another potential downstream effector of Drosophila Cdc42p,
the Gek protein kinase, was identified in a two-hybrid protein
screen for proteins that interacted with the Dcdc42V12 mutant
protein (338). Gek also bound to GST-Dcdc42V12 in GST
affinity chromatography experiments, and this interaction was
abolished by the Dcdc42T35A effector domain mutation and
by the GekAISP mutation within the Gek CRIB domain, sug-
gesting that binding occurs between the Cdc42p effector do-
main and the Gek CRIB domain. The 1,613-amino-acid Gek
protein contained an N-terminal Ser/Thr kinase domain, and
immunoprecipitated myc-tagged Gek had histone kinase activ-
ity, which was lost when the catalytic Lys residue at position
105 was mutated to Ala. The Gek protein also contained an
N-terminal coiled-coil domain, a Cys-rich domain similar to
phorbol ester binding domains, a PH domain, and the C-ter-
minal CRIB domain. The Gek kinase domain displayed 63%
amino acid identity to the kinase domain of the human myo-
tonic dystrophy protein kinase (DMPK) and 49% identity to
the kinase domain of Rho-kinase, although DMPK and Rho
kinase do not contain a Cdc42-interacting CRIB domain and
are probably not Cdc42p effectors. Generation and character-
ization of P-element-directed gek deletion mutants suggested
that Gek was essential for proper oogenesis and that cortical
F-actin assembly around nurse cells required functional Gek.
Defects in cortical F-actin assembly seen in Agek mutants were
similar to those seen with expression of activated cdc42°'?V
mutant allele (408) (see “Drosophila” under “Functional stud-
ies” above), suggesting that Gek may be a bona fide Cdc42p
downstream effector.

The gene encoding the C. elegans PAK homolog, CePAK,
was identified by degenerate PCR, isolated from an embryonic
cDNA library, and mapped to chromosome X (87). The 64-
kDa CePAK contained a N-terminal CRIB domain and a C-
terminal Ser/Thr kinase domain and exhibited ~52% similarity
to DPAK and rat a-PAK. GST-CePAK bound in vitro to GTP-
CeRacl and GTP-Cdc42Ce, but not to the GDP-bound pro-
teins, in filter-binding assays. Immunoprecipitated CePAK dis-
played weak autophosphorylation activity in the presence of
GTP-Cdc42Ce and was found in both soluble and particulate
fractions. The levels of CePAK mRNA normalized to actin
mRNA levels were highest during embryogenesis and subse-
quently decreased during larval development. By using anti-
CePAK antibodies, the protein was localized to hypodermal
cell boundaries during embryonic body elongation and colo-
calized with Cdc42Ce at these boundaries, suggesting that both
proteins function in the actin-dependent elongation of em-
bryonic cell bodies. Recently, CePAK-B-galactosidase and
CePAK-GFP fusion proteins were shown to localize to the
cell surface of pharyngeal muscle cells as well as motor
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neurons and distal tip cells (231). Whether CePAK trans-
duces Cdc42p signals in vivo is unknown.

Mammalian PAK-like kinases. Mammalian PAKs act in re-
sponse to a variety of intracellular and extracellular signals to
mediate a number of different cellular events including growth
factor- and stress-induced actin rearrangements and activation
of the INK/SAPK and p38 MAP kinase pathways (see below)
(see “Mammals” under “Functional studies” above), Nef- and
Nef-associated kinase-dependent HIV-1 replication and patho-
genesis (111, 335, 508, 564), thrombin cleavage in platelets (554),
cleavage arrest in frog embryos (492), Schwann cell transfor-
mation (551), CD28-dependent antigen-specific activation of T
cells (248, 249), and T-cell receptor-mediated activation of the
nuclear factor of activated T cells transcription factor (609).
The original mammalian PAK, designated p65°*¥, was iden-
tified as a rat brain protein that interacted with [y-**P]GTP-
GST-Cdc42 and [y-**P]GTP-GST-Racl, but not with [y->*P]
GTP-GST-RhoA, in an overlay assay (359). This interaction
was specific for the GTP-bound form of Cdc42p, suggesting
that p6574¥ could function as a downstream effector of Cdc42p
function. Purified p657* displayed Ser/Thr autophosphoryla-
tion activity that was stimulated by GTP-bound Cdc42p and
Raclp and had kinase activity against the exogenous myelin
basic protein substrate. Currently, there are three major 62- to
68-kDa PAK isoforms in mammalian tissues, designated (in
the nomenclature of Sells and Chernoff [561]) PAK1 (previ-
ously p6574%, aPAK, and hPAK-1 [24, 55, 104, 265, 359]),
which is found predominantly in brain, muscle and spleen
tissue; PAK2 (previously y-PAK, PAKI, and hPAK65 [235,
265, 492, 554]), which is ubiquitous; and PAK3 (previously
PAKP and mPAK-3 [24, 355]), which is found in brain tissue
(for reviews, see references 264 and 516 and references there-
in). These three isoforms all contain several N-terminal pro-
line-rich domains followed by a CRIB domain that interacts
with GTP-bound Cdc42p through its effector domain and a
C-terminal Ser/Thr protein kinase domain, whose activity is
stimulated by binding of Cdc42p and Rac to the CRIB domain.
Although it was believed that the CRIB domain played a role
in autoinhibition of PAK activity, recent data suggest that a
highly conserved domain C-terminal to the CRIB domain
functions in this capacity (151). The PAK N-terminal proline-
rich domains can interact with SH3 domains within the Nck
adapter protein (47, 161, 263, 334, 468, 517, 542), thereby
forming a linkage between growth factor receptors and activa-
tion of the PAKSs. Interestingly, another Cdc42p effector, the
Wiskott-Aldrich syndrome protein (WASP), also interacts with
Nck through its SH3 domains (486) (see “Wiskott-Aldrich
syndrome proteins mediate actin rearrangements” below).

The subcellular localization of PAKSs reinforces the effects of
constitutively activated and dominant negative PAK isoforms
on actin rearrangements, suggesting that PAKs mediate Cdc42-
dependent actin cytoskeletal effects (123, 356, 627) (see “Mam-
mals” under “Functional Studies” above). PAK1 localized to
focal complexes when cells were transfected with activated
Cdc42912V (356, 360, 420), suggesting that interactions be-
tween GTP-bound Cdc42 and PAK1 were important for this
subcellular localization (see below). In unstimulated Swiss 3T3
cells, PAK1 localized to intracellular vesicles, but upon stimu-
lation by PDGF, PAKI1 relocalized to regions of actin rear-
rangements, including membrane ruffles and lamellipodia; a
similar localization effect was seen in v-src-transformed 10 T1/2
cells (123). It appeared that PAKI localization to membrane
ruffles preceded the major actin localization to these subcellu-
lar regions, suggesting that activated PAKI1 functions early in
the induction of actin rearrangements, which is corroborated
by the observation that constitutively activated PAK1783% H86L
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induced membrane ruffles (123). In PC12 cells, expression of
constitutively activated PAK1783 H86L containing a mem-
brane-targeting isoprenylation signal led to significant NGF-
dependent neurite outgrowth, and endogenous PAK1 fraction-
ated to membrane pools in response to NGF treatment (115),
suggesting that membrane localization of PAKI1 is important
for this actin-dependent process. The question whether the
interactions between Cdc42p and PAKs are necessary for
proper subcellular localization of the PAK family of kinases is
still unanswered. Certain mutations within the CRIB domain
of PAK1 can inhibit its binding to Cdc42p without affecting its
localization to focal complexes (627), suggesting that Cdc42p-
PAKI interactions are not necessary for PAKI1 localization.
However, Cdc42p-Ste20p binding is necessary for Ste20p sub-
cellular localization in S. cerevisiae (see “Ste20p” above). These
results suggest that different PAKs may have Cdc42p-indepen-
dent or Cdc42p-dependent mechanisms of localization.

ACK tyrosine kinases. Two tyrosine protein kinases, en-
riched in mammalian brain and skeletal muscle tissue, have
been identified as specific effectors of Cdc42p. These tyrosine
kinases, designated ACK-1 (358) and ACK-2 (617), specifically
interact with GTP-bound Cdc42p in vitro and in vivo and
contain a CRIB domain along with a tyrosine kinase catalytic
domain, an SH3 domain, and a proline-rich domain. The func-
tion of ACK-1 is unknown, but incubation of ACK-2-transfect-
ed, detached (not adherent) COS7 cells with EGF or brady-
kinin resulted in an increase in ACK-2 phosphorylation,
suggesting that ACKs may link serpentine/G-protein-coupled
receptors to Cdc42p signaling pathways.

Bnilp and Bnrlp Formins May Function
as Scaffold Proteins

Bnilp (139, 232, 236, 269, 619) is a ~220-kDa protein that
can interact with Rho-type GTPases in S. cerevisiae. It contains
four functional domains including a N-terminal Cdc42/Rho
interaction domain contained within amino acids 90 to 343; a
proline-rich formin homology 1 (FH1) domain (amino acids
1230 to 1330) found in a number of formin family members
including the S. pombe genes fus! (457) and cdc12 (74), Dro-
sophila genes diaphanous (68) and cappuccino (134), the As-
pergillus nidulans gene figA/speA (203, 365), and vertebrate
formins (342, 566, 585, 600); a formin homology 2 (FH2) do-
main (amino acids 1516 to 1616); and a C-terminal Bud6p/
Aip3p binding domain (within amino acids 1647 to 1953). It
should be noted that the only other formin-like protein that
has been shown to interact with Rho-type GTPases is murine
pl40mDia (585), a homolog of Drosophila diaphanous that
specifically interacted with GTP-bound RhoA (in vitro inter-
actions with Cdc42p have recently been reported [10]), local-
ized to spreading lamellae and cleavage furrows in Swiss 3T3
cells, and colocalized with RhoA and profilin (see below) in
membrane ruffles in HT1080 human fibrosarcoma cells. How-
ever, several other formin-like proteins have been implicated
in cell polarity processes in their respective organisms.

Bnilp interacted with Cdc42p in two-hybrid protein assays,
and this interaction was specific for GTP-bound Cdc42°'?Vp
and not GDP-bound Cdc42P"'84p (139). This interaction was
substantiated by the in vitro binding of an HA-tagged fragment
of Bnilp (amino acids 1 to 1214) purified from S. cerevisiae on
Sepharose beads to GTPyS-bound, but not GDP-bound or
nucleotide-free, Cdc42p. Bnilp was also identified by a two-
hybrid protein interaction with the activated Rho12°%" mutant
protein (269). This interaction was between Rho1°?%*“p and
amino acids 90 to 489 of Bnilp, and deletion analysis indicated
that amino acids 90 to 343 were capable of interacting with
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Rho19%Lp. The two-hybrid interaction was abolished by the
Rho1T#*4 effector domain mutation, suggesting that Bnilp was
a downstream effector of Rhol, but a maltose binding protein
fusion to amino acid 1 to 524 of Bnilp could bind nonspecifi-
cally in vitro to both GDP-bound and GTPvyS-bound Rholp.
Bnilp may also interact with Rho3p and Rho4p (unpublished
results cited in reference 139), suggesting that Bnilp may be a
general effector of Rho-like GTPases in S. cerevisiae.

In two-hybrid protein assays, GST affinity chromatography
experiments, and a maltose binding protein tag overlay assay,
Bnilp also interacted with the S. cerevisiae Pfylp profilin, and
this interaction occurred through the Bnilp FH1 domain (139,
232). This binding was also substantiated by a loss of interac-
tion with a profilin mutant protein, Pfy1p-3, that had defects in
polyproline binding but not actin binding (139). Several C-
terminal fragments of the actin-binding protein Bud6p/Aip3p
(15), as well as the Actlp actin protein, displayed two-hybrid
protein interactions with Bnilp (139). Bnilp-Bud6p two-hybrid
protein interactions occurred through the C-terminal ~300
amino acids of Bnilp, and interactions with actin occurred
through the FH1 domain; these interactions may be mediated
through Bnilp interactions with profilin (see above). Bnilp can
also interact with elongation factor la (EFla), a protein that
has actin binding activity, through a domain between the FH1
and FH2 domains, and the binding of Bnilp to EFla led to a
loss of EFla-actin binding (570). Bnilp also interacts with the
SH3 domain of the Myo3p myosin as assayed by two-hybrid
protein assays and GST affinity chromatography (48a). Inter-
estingly, the SH3 domains of the Myo3p and Myo5p myosins
also bind to the proline-rich protein verprolin (Vrplp) (16),
which has previously been implicated in cell polarity (571).
Bnilp displays genetic and physical interactions with Spa2p, a
protein of unknown function that localizes to regions of polar-
ized growth, and localization of Bnilp to the tips of enlarging
buds requires the presence of Spa2p and the N-terminal
Cdc42/Rho interaction domain (157), suggesting that Bnilp is
tethered to the plasma membrane through binding to either a
Rho-type GTPase or Spa2p or both. Recent results indicate
that Spa2p can interact with Bud6p as well as components of
several MAP kinase cascades and the Pea2 cell polarity protein
(523), suggesting that actin, profilin, verprolin, Myo3 and Myo5
myosins, Bnilp, Spa2p, Bud6p, EFla, Pea2p, and possibly
other actin binding proteins may form a multiprotein complex
with Cdc42p during the bud emergence process (Fig. 3).

BNII was identified in a screen for mutants that exhibited a
randomization of bud site selection in cells exhibiting a bipolar
budding pattern (619). A bnil disruption mutant, in which
amino acids 1228 to 1414 containing the FH1 domain were
replaced, grew poorly at high temperatures (269); whether this
was a true null mutant is unclear, given that the Cdc42/Rho
interaction domain would be predicted to still be expressed in
this truncated Bnilp. In addition, a transposon insertion mu-
tation in BNII led to a defect in filamentous growth (404),
suggesting that Bnilp may either mediate actin rearrange-
ments during pseudohyphal growth or be required for the
bipolar budding pattern necessary for pseudohyphal forma-
tion. Genetic evidence for a role of Bnilp in Rholp function
came from synthetic lethal phenotypes observed between this
bnil disruption mutant and a mutant expressing mammalian
RhoA in place of S. cerevisize Rholp and between a pkcl
mutant defective in protein kinase C (269), a known down-
stream effector of Rholp (251, 423). BNII was also shown to
be allelic to SHES, mutants of which are defective in transcrip-
tional expression from the HO endonuclease promoter in
mother cells (236); another mutant identified in this screen,
shel, was found to be in the MYO4 gene, a class V type
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minimyosin (188). An HA-epitope-tagged Bnilp localized to
the tips of mating projections in pheromone-arrested cells
(139), which correlated with the isolation of bni/ mutants in a
screen for mutants defective in mating (139). This defect was
due to an inability to form pheromone-induced mating projec-
tions in bnil mutants, which was a consequence of a depolar-
ized cortical actin cytoskeleton. This phenotype could not be
suppressed by a Bnil mutant protein lacking its FH1 domain
(unpublished results cited in reference 139), reinforcing the
role of the FH1 domain in actin interactions.

Overexpression of full-length Bnilp had no phenotypic ef-
fect, but overexpression of the BnilAN N-terminal truncation
protein, which was missing amino acids 1 to 451 containing the
Cdc42/Rho interaction domain, resulted in cell death and a
dominant negative phenotype of large, round, unbudded cells
with a delocalized cortical actin cytoskeleton and an increased
number of cortical actin patches and actin cables (139). This
result suggested either that the essential polarization of
cortical actin to the site of bud emergence was dependent on
Cdc42p binding to Bnilp or that overexpression of the C-
terminal portion of Bnilp could lead to the nonproductive
sequestration of actin or actin-binding proteins. The striking
appearance of cortical actin structures around the periphery of
these cells suggested that plasma membrane localization of
cortical actin, albeit nonpolarized, may be possible in the ab-
sence of Cdc42p binding to Bnilp; it would be very interesting
to determine if the BnilAN truncation protein localizes to the
plasma membrane and is capable of cross-linking actin in the
absence of Cdc42p. The BnilANp dominant negative pheno-
type could be suppressed by overexpression of Pfylp profilin
and the two tropomyosins Tpm1p and Tpm2p, suggesting that
loss of Cdc42p-Bnilp binding resulted in a Bnilp that can
sequester Pfylp profilin or other actin binding proteins in a
nonfunctional manner. Interestingly, overexpression of Pfylp
profilin inhibited the growth of a bnil disruption mutant (232).
Although the cellular morphologies and actin localization pat-
terns associated with this profilin-based inhibition of growth
were not reported, this result suggests that the interactions be-
tween these two proteins is important for their functions.

A sequence homology search of the S. cerevisiae genome
database revealed the presence of a protein, designated Bnrlp,
with significant amino acid sequence homology to Bnilp (232).
The smaller (1,374-amino-acid) Bnrlp exhibited 19% identity
in the Cdc42/Rho interaction domain, 44% identity in the FH1
domain, and 35% identity in the FH2 domain of Bnilp. Bnrlp
also interacted with the Pfylp profilin protein in two-hybrid
protein assays, and this interaction also occurred through the
Bnrlp FH1 domain. While a bnr! disruption mutant was viable
at all temperatures tested, a bnil bnrl double mutant displayed
a ts growth defect at 33°C and an arrested phenotype of large,
round, unbudded, multinucleate cells with delocalized actin
and chitin, highly reminiscent of cdc42 loss-of-function alleles.
Interestingly, bud site selection is randomized in haploid bnrl
mutants but not diploids, which is the opposite of the diploid
bud site selection defects in a bnil mutant (619). Also, a bnil
bnrl double mutant was sensitive to growth on 1 M sorbitol
(232), as were pfyl (187) and certain act! (424) mutants, sug-
gesting that these proteins function in osmoregulation. In two-
hybrid protein assays, Bnr1p interacted only with wild-type and
activated (Q70L mutant) Rho4p but not with Rholp, Rho2p,
Rho3p, or Cdc42p, and maltose binding protein-tagged Bnrlp
containing the Rho interaction domain of amino acids 63 to
421 bound in vitro to GTPyS-Rho4p but not GDP-Rho4p
(232). In addition, Bnrlp and Bnilp interacted with the SH3
domain-containing protein Hoflp, which displayed sequence
similarity to the S. pombe Cdcl5 protein involved in cytokine-
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sis, and HA-tagged Bnrlp and Hoflp localized to the mother-
bud neck region (252). Taken together, these data suggest that
Bnilp and possibly Bnrlp can act as scaffold proteins juxta-
posing Cdc42p and other Rho-like GTPases with actin and
actin binding proteins during bud emergence and possibly cy-
tokinesis, thus serving as a critical link between the Cdc42p-
dependent signal transduction machinery and its ultimate tar-
get, the cortical actin cytoskeleton (Fig. 3).

IQGAPs as Scaffold Proteins Mediating
Cdc42p-Actin Interactions

S. cerevisiae 1qglp/Cyklp functions during cytokinesis. Mam-
malian IQGAP proteins are potential scaffold proteins that
interact with Cdc42p, actin, and calmodulin (see below). In
S. cerevisiae, a potential IQGAP termed Iqglp (135, 446) or
Cyklp (328) was identified in three independent studies.
Iqglp/Cyklp is a ~165-kDa protein that contains several, but
not all, of the structural motifs found in mammalian IQGAPs,
including an N-terminal calponin homology (CH) domain pre-
dicted to interact with actin, four or eight IQ domains pre-
dicted to interact with calmodulin, a coiled-coil domain that
may function in the dimerization of IQGAPs, and a C-terminal
GAP homology domain (GRD) predicted to interact with
Cdc42p. In two-hybrid protein assays, Iqglp preferentially in-
teracted with activated (GTP-bound) Cdc42°'*Vp, suggesting
that it is a downstream effector (446). Iqglp/Cyklp coimmu-
noprecipitated with actin from S. cerevisiae cell lysates (446)
and cosedimented with polymerized rabbit skeletal muscle ac-
tin; this cosedimentation was dependent on the Iqglp/Cyklp
CH domain (135). While Iqglp/Cyklp has not been shown to
interact with calmodulin as do mammalian IQGAPs (see be-
low), calmodulin is delocalized in a Aigg! strain (446).

In certain strain backgrounds, deletion of Iqglp/Cyklp led
to cell death (135, 328), indicating that it is an essential pro-
tein, while in other backgrounds, it led to a ts lethal pheno-
type (446). In promoter turnoff experiments (135, 328), it was
apparent that cells depleted of Iqglp/Cyklp had defects in
various aspects of cytokinesis, including abnormally elongated
buds, multiply budded cells with cytoplasmic continuity, and
multinucleate cells. Analysis of the Aiggl” strain revealed a
more heterogeneous population of cellular morphologies at
the restrictive temperature, including large, round cells indic-
ative of a G, block (446). Functional epitope-tagged Iqglp/
Cyklp was observed at the presumptive site of bud emergence
in unbudded cells (446) and in a ring structure at the mother-
bud neck region (135, 328, 446), which colocalized with the
septin, actin, and Myolp rings present at the mother-bud neck
region (Fig. 3B). It also occasionally appeared as a double-ring
structure or as a dot in the middle of the mother-bud neck
region (328); this dot colocalized to a Myolp dot structure that
appeared to be the result of the constriction of the actomyosin
ring during cytokinesis. This localization was not dependent on
the localization of the actin ring, as evidenced by the persis-
tence of the Iqglp/Cyklp ring after treatment with the actin-
depolymerizing drug latrunculin-A (135), and the organization
of cortical actin at sites of polarized growth and at the septum
region did not seem to be disrupted in Aiggl cells, suggesting
that the localizations of Iqglp/Cyklp and actin are indepen-
dent of each other. Cell cycle synchronization experiments
suggested that these Iqglp/Cyklp ring structures assembled
predominantly after the elongation of the mitotic spindle in
anaphase and disassembled after anaphase completion (328).
Given the localization of both Iqglp/Cyklp and Cdc42p, along
with the septin, actin, and Myol rings, to the mother-bud neck
region, it is likely that Iqglp/Cyklp functions to mediate
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Cdc42p interactions with the actomyosin ring during cytokine-
sis, possibly as a scaffold protein serving to nucleate various
essential components of the actomyosin ring (Fig. 3). Interest-
ingly, a Dictyostelium IQGAP has recently been identified, and
mutations of this protein cause cytokinesis defects (1), suggest-
ing that IQGAPs have a common function in cytokinesis (see
below).

Mammalian IQGAPs mediate Cdc42p-calmodulin-actin in-
teractions. There are two identified mammalian IQGAPs, des-
ignated IQGAP1 and IQGAP2. Human IQGAP1 was orig-
inally identified serendipitously in a PCR-based search for
matrix metalloproteinase family members (588). IQGAP1 was
also identified from COS cell lysates by its ability to interact
with GTPyS-GST-Cdc42 on agarose beads (204). This ~195-
kDa protein contains a GRD (residues 997 to 1270) with sig-
nificant similarity to the catalytic domain of Ras-GAP proteins,
as well as a CH domain (residues 48 to 161), which is believed
to interact with actin, and four tandemly repeated IQ domain
(residues 745 to 865), which are present in a number of pro-
teins that interact with calmodulin. IQGAP1 also contains a
single WW domain implicated in protein-protein interactions
and six copies of a unique 50- to 60-amino-acid domain with no
known matches in the database. The human IQGAPI gene
mapped to chromosome 15p-15q1.1, and RNA blot analysis
indicated that IQGAP1 was highly expressed in the placenta,
lungs, kidneys, and skeletal muscle but was absent from the
brain. A GST-IQGAP1-GRD fusion protein or an in vitro-
translated C-terminal IQGAP1 domain polypeptide did not
exhibit GAP activity against Ras, Rho, or Cdc42Hs (204,
588), and affinity-purified IQGAP1 did not display GAP ac-
tivity against Ras, RalA, Cdc42Hs, Racl, or RhoA (refer-
ence 283 and data not shown), suggesting that IQGAPs do
not have catalytic GAP activity. Interestingly, expression of
the IQGAP1 C-terminal domain peptide in S. cerevisiae re-
sulted in a dominant negative loss-of-polarity phenotype that
could be suppressed by overexpression of wild-type S. cerevi-
siae Cdc42p (204), suggesting that this C-terminal domain
could interact with Cdc42p in vivo (see below).

IQGAP1, as well as IQGAP2 (see below), was also identified
in rabbit liver fractions (379) and bovine brain cytosol (283) by
its ability to preferentially bind to Cdc42Hs-GTPyS on col-
umns. Both proteins could also interact with Racl but not
RhoA or Ha-Ras. The binding of IQGAP1 p180 and IQGAP2
p175 to Cdc42Hs could not be competed with a functional
Cdc42-GAP polypeptide, but it could be competed with the
mPAK-3 CRIB domain, suggesting that the IQGAPs bind to
Cdc42p through its effector domain. Neither IQGAP1 or
IQGAP2 contain a CRIB domain, and their interactions with
Cdc42Hs are mediated through the C-terminal GRD (204,
283, 379). IQGAP1 binding to Cdc42Hs seemed to stabilize the
GTP-bound state of the protein and inhibited its intrinsic
GTPase activity (379), suggesting that it acts as a GTPase
inhibitor similar to rho-GDI. Interestingly, when an in vitro
MESG/phosphorylase-coupled assay was used to measure yP;
release from Cdc42-GTP, it was shown that the IQGAP GRD
domain had a ~10-fold higher affinity toward Cdc42-GTP than
did the CRIB domains of PAK1 and WASP (624). IQGAP1
was coimmunoprecipitated with HA-tagged Cdc42°"?V pro-
tein from COS and Ratl cells (204) and was also the major
protein coimmunoprecipitated with HA-tagged Cdc42°°'-
protein from COS7 cells (136), and this association was slightly
enhanced after treatment with EGF, indicating that IQGAP1
is a likely physiological Cdc42p effector. Recently, both
IQGAP1 and IQGAP2 (see below) were shown to coimmuno-
precipitate with Cdc42p from rabbit liver and Chinese hamster
ovary (CHO) Golgi membrane-enriched fractions (378), sug-
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gesting that IQGAPs may play a role in Cdc42p-dependent
membrane trafficking events (see “Prenylation and subcellular
localization” above).

IQGAP1 was also identified by nanoelectrospray tandem
mass spectrometry from normal (Hs578Bst) and malignant
(MCF-7) human breast cell lines by its ability to bind to a
calmodulin-Sepharose column in the presence and absence of
Ca?* (243). Although IQGAP1 could bind calmodulin in both
the absence and presence of Ca®* (204, 243), binding was en-
hanced ~twofold in the presence of Ca** (243). Immunopreci-
pitation with anti-IQGAP1 antibodies brought down calmodu-
lin from NIH 3T3 cells (204), and immunoprecipitation with
anti-calmodulin antibodies brought down IQGAP1 from MCF-7
cells (243). Binding of IQGAP1 to calmodulin occurred through
the IQ motifs in the N terminus of IQGAP1 (204). In GST
affinity chromatography experiments, it was shown that cal-
modulin could inhibit the binding of IQGAP1 to Cdc42Hs in a
Ca®"- and dose-dependent manner, but this inhibition was not
observed when IQGAP1 was already bound to Cdc42Hs (243).

IQGAP1 was also identified from bovine adrenal cytosol by
its ability to cosediment with rabbit muscle actin microfila-
ments (30), and actin from bovine brain cytosol could bind to
GST-IQGAP1 columns (158). IQGAP1 copurified with subs-
toichiometric amounts of calmodulin and was found as a dimer
in sedimentation equilibrium experiments (30) and as oli-
gomers in gel filtration experiments, with addition of GTPyS-
GST-Cdc42Hs enhancing the oligomerization (158). The
presence of calmodulin, with or without Ca®*, interfered
with the cosedimentation of IQOGAP1 with actin microfila-
ments. IQGAP1 could cross-link F-actin, as evidenced by in-
creases in the viscosity of microfilament networks in the pres-
ence of IQGAP1 (30, 158) and by the appearance of actin
bundles in negative-stain electron microscopy (30), and this
cross-linking was enhanced in the presence of GTPyS-GST-
Cdc42Hs (158). In addition, both IQGAP1 and actin were
found in an immunoprecipitation complex with HA-tagged
Cdc42Hs (136). IQGAP1 colocalized to rhodamine-phalloidin-
stained cortical actin in insulin-induced membrane ruffles in
KB cells, and this localization was inhibited by prior treatment
of the cells with dominant negative Racl™"™ or Cdc42™'"™
(283). IQGAP1 also localized to lamellipodia and membrane
ruffles, but not stress fibers, in monkey kidney, rat kidney,
and NIH 3T3 cells (30) and PAE endothelial cells (204) and
co-localized with transfected Cdc42°%'™p in COS7 cells
(136). Recently, IQGAP1 was localized to cell-cell junctions
in MDCK cells (283) and was shown to colocalize and interact
with E-cadherin and B-catenin at sites of cell-cell contact in
mouse L fibroblasts (284), suggesting that IQGAP1 may me-
diate Cdc42p effects on cell-cell adhesion (see “Mammals”
under “Functional studies” above). Given the recent localiza-
tion of IQGAP1 to a perinuclear fraction coincident with Golgi
markers (378) (see above), it appears that there are different
subcellular pools of IQGAPs that can interface with Cdc42p
and actin to mediate multiple cellular events.

IQGAP2 was identified from a mouse brain library by
screening with an IQGAP1 probe at low stringency (51). The
human IQGAP2 gene mapped to chromosome 5q1.1-1.3, and
RNA blot analysis indicated that IQGAP2 was expressed pre-
dominantly in the liver and in several hepatoblastoma cell
lines. Human IQGAP2 was isolated from a human cDNA li-
brary and found to encode a ~180-kDa protein with 62%
identity to IQGAP1 over its entire length and containing all of
the structural motifs found in IQGAP1 (see above). As with
IQGAP1, IQGAP2 binds calmodulin, as determined by coim-
munoprecipitation with HA-tagged IQGAP2, and the IQ do-
mains were necessary for this binding. It preferentially inter-
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FIG. 6. Molecular model for the generation of an IQGAP-Cdc42p-actin ter-
nary complex. See the text for details.

acted with GTP-bound Cdc42Hs and to a lesser extent with
Racl in GST affinity chromatography experiments and immu-
noprecipitations from human liver cell lysates and COS cells,
suggesting that it is also a bona fide Cdc42p effector. IQGAP2
did not have GAP activity against Cdc42Hs or other small
GTPases, but as with IQGAP1 (see above), it inhibited the in-
trinsic and Cdc42-GAP-stimulated GTPase activity of Cdc42Hs
and Racl.

IQGAPs do not seem to have catalytic GAP activity against
any GTPase, but they do have the characteristics of scaffold
proteins capable of interacting with multiple proteins. Taken
together, the above data suggest a possible model (Fig. 6) for
IQGAP function in which IQGAPs are inactive when bound to
Ca”"-calmodulin and a reduction in Ca** levels (or other sig-
nals) leads to a loss of calmodulin-IQGAP interactions and in-
creased interactions between GTP-bound Cdc42p and IQGAPs.
This increased interaction leads to the oligomerization of
IQGAP and the formation of a Cdc42p-IQGAP-actin complex,
enhancing the ability of IQGAP to cross-link and possibly
polymerize actin. Therefore, it seems that IQGAPs in mam-
malian cells are major downstream effectors linking Cdc42p to
the actin cytoskeleton.

Wiskott-Aldrich Syndrome Proteins Mediate
Actin Rearrangements

S. cerevisiae Beelp/Las17p. Another family of potential scaf-
fold proteins linking Cdc42p and the actin cytoskeleton are the
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WASPs, with the prototypical WASP being encoded by the
gene that is defective in Wiskott-Aldrich syndrome patients
(see below). Beelp (321) was identified from the S. cerevisiae
genome database by its similarity to the mammalian WASP.
Beelp contains a WASP homology domain (WHI1) that is
similar to PH domains, as well as a proline-rich domain that
binds SH3 domains; it does not seem to contain a CRIB do-
main for binding Cdc42p as does the mammalian WASP. De-
letion of Beelp resulted in a slow-growth phenotype at room
temperature and no growth at high temperatures (321). Mor-
phological characterization of Abeel cells indicated defects in
bud growth, cytokinesis, and actin organization. In addition,
Beelp localized to cortical actin patches and bound to actin
and the actin binding protein Slalp in immunoprecipitation
experiments (321) and to the actin binding protein verprolin in
a two-hybrid experiment (413). The Abee! cells were also de-
fective in the ability to assemble cortical actin to the buds in an
in vitro permeabilized cell system. While Beelp clearly plays a
role in actin cytoskeleton organization, it is unclear if Beelp
interacts with Cdc42p as does its human counterpart (Fig. 3
and 4A).

Mammalian WASPs. Patients with Wiskott-Aldrich syn-
drome have multiple immunological defects, including throm-
bocytopenia with small platelets, eczema, T- and B-lymphocyte
defects, and an increased risk of malignancies and autoimmune
diseases (for reviews, see references 144, 261, and 427). The
severity of these defects has been directly correlated with mu-
tations within the X-linked recessive gene WASP and with
defects in cellular actin cytoarchitecture (122, 257, 270, 285,
399, 428, 475, 577, 636, 637). The ~62-kDa WASP (19, 271,
545) contains several functional domains including an N-ter-
minal WH1 domain (residues 8 to 105), a CRIB domain (res-
idues 238 to 257), a proline-rich domain (residues 312 to 404),
two potential actin binding sites with similarity to verprolin and
cofilin sequences (residues 430 to 446 and 469 to 489), and an
acidic C-terminal region. A human WASP-GST fusion protein
containing residues 48 to 321 bound to GTP-Cdc42Hs, but not
GTP-bound RhoA or Racl, in GST affinity chromatography
experiments, and this binding depended on the presence of the
WASP CRIB domain (545) and the Cdc42 effector domain
(291), suggesting that WASP is a Cdc42p-specific effector. Ec-
topic expression of FLAG-tagged WASP in rat kidney epithe-
lial cells indicated that WASP was present predominantly in
cytosolic clusters and colocalized with actin structures exclud-
ing stress fibers. Formation of these clusters was inhibited by
addition of cytochalasin D and by coexpression of the domi-
nant negative Cdc42™ "™ mutant protein but not the dominant
negative Rho or Rac mutant proteins (545), reinforcing the
specific interactions seen between WASPs and Cdc42p. It was
reported that the Cdc42 Y40C effector domain mutation abol-
ished interactions with WASP and other CRIB domain-con-
taining proteins but did not affect the generation of actin-
dependent morphological structures, suggesting that other
downstream effectors mediated Cdc42p-actin interactions
(291). However, examination of the data indicates that the
Y40C mutation, while interfering with p6574¥ kinase activity
in immunoprecipitates, reduced but did not abolish the binding
of GST-WASP (containing amino acids 201 to 321 of WASP)
to [y->?P]GTP-loaded Cdc42°%'™ Y4°C mutant protein in a
nitrocellulose overlay assay (291, 388), leaving open the ques-
tion of the physiological role of WASP-Cdc42 interactions.

WASP was phosphorylated in vivo on Ser and Thr residues
(521) and has been shown to interact with the SH3 domains of
the Nck (486) and Grb2 (468, 521) adapter proteins and the
WIP profilin-binding protein (470). The Grb2p adapter pro-
tein mediated interactions between the EGF receptor and
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WASP in EGF-stimulated A431 cells and in GST affinity chro-
matography experiments in vitro (521). WASP has also been
shown to interact with the SH3 domains of various protein
tyrosine kinases (25, 58, 108), and recent data indicates that
WASP undergoes tyrosine phosphorylation by the Lyn and Btk
tyrosine kinases in RBL-2H3 rat tumor mast cells, which is
enhanced in the presence of Cdcd29'*Vp (184), and that col-
lagen induces tyrosine phosphorylation of human platelet-as-
sociated WASP, leading to its redistribution to the cytoskele-
ton (429).

The N-WASP homolog was isolated from bovine brain cy-
tosol by its ability to bind to the Grb2 SH3 domain in vitro
(387). N-WASP was ~50% similar to WASP over the entire cod-
ing region and also contained an N-terminal WH-1/PH do-
main, a CRIB domain, a proline-rich domain, and C-termi-
nal actin binding domains and acidic regions. In addition, N-
WASP contained a potential IQ domain, suggesting that
N-WASP may interact with calmodulin-Ca®*. Analysis of
N-WASP mRNA and protein expression indicated that it
was expressed predominantly in brain tissue and moderately
in heart, lung, and colon tissue. In GST affinity chromatog-
raphy experiments with N-WASP fusion proteins, it was
shown that GST-N-WASP could bind to Grb2 through its pro-
line-rich domain, to phosphatidylinositol-4,5-bisphosphate (PIP,)
through its PH domain, to calmodulin in a Ca®"-dependent
manner through its IQ domain, to actin through its C-terminal
actin binding domain (387), and to GTP-Cdc42 through its
CRIB domain (388). Interestingly, the H208D N-WASP CRIB
domain mutation abolished interactions with Cdc42p, but the
Cdc42-Y40C mutation, which interfered with WASP-Cdc42p
interactions (see above), did not affect N-WASP-Cdc42p bind-
ing, suggesting that N-WASP may be the physiological effector
linking Cdc42p to the actin cytoskeleton. Transient coexpres-
sion of N-WASP, but not WASP, with activated Cdc42%'?Y in
COST7 cells led to an increase in elongated actin microspikes
not seen in cells transfected with the two proteins separately,
and expression of a mutant N-WASP lacking a stretch of four
amino acids in the cofilin-like actin binding domain inhibited
Cdc42-dependent microspike formation (388). Recently, N-
WASP was shown to mediate the assembly of the actin tail that
is associated with the intracellular movement of invading Shi-
gella flexneri by interacting with its VirG outer membrane pro-
tein (543). Overexpression of N-WASP in COS7 cells led to a
loss of thick actin fibers and a relocalization to cortical areas,
where N-WASP was localized. A GST-N-WASP fusion pro-
tein containing the actin binding domain could depolymerize
actin in vitro, as does cofilin (387), and addition of full length
N-WASP to actin filaments in vitro had a slight effect on
reducing actin viscosity in falling-ball methods, which was sig-
nificantly enhanced by the addition of GTP-Cdc42p but not
GDP-Cdc42p (388). Taken together, these data are consistent
with the binding of GTP-Cdc42p to N-WASP leading to an
activation of N-WASP actin depolymerizing activity, thereby
generating uncapped filament ends that could serve as tem-
plates for subsequent actin polymerization events.

Other Effectors

Giclp and Gic2p. The S. cerevisiae Giclp and Gic2p down-
stream effectors were identified in two independent studies
(54, 83). Giclp was identified by its ability to suppress the
bem?2-101" growth and bud site selection phenotypes (83), and
Giclp and Gic2p were identified through a search of the S. cer-
evisiae genome database for proteins that contained CRIB
domains (54). Giclp and Gic2p were 39% identical and 54%
similar in predicted amino acid sequence and were not homol-
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ogous to other proteins in the database. Deletion of GICI or
GIC2 did not lead to abnormal phenotypes, but a Agicl Agic2
double mutant did not grow at high temperatures and dis-
played numerous morphological abnormalities at semipermis-
sive temperatures, including the presence of a large percentage
of large, unbudded, multinucleate cells, delocalized chitin dep-
osition, aberrant actin organization, and abnormal mitotic
spindles, suggesting a role for Giclp/Gic2p in cellular morpho-
genesis, as well as defects in mating-projection formation and
reduced mating efficiencies, suggesting a role in the mating
pathway.

Cdc42-GTPyS bound to columns containing purified Gic2p,
and both Giclp and Gic2p interacted with Cdc42p in two-
hybrid protein assays (54, 83). These interactions were en-
hanced with the activated Cdc429'?Vp and were between the
Gicl1/2 CRIB domains and the Cdc42 effector domain, as evi-
denced by the interactions being abolished by the Cdc42™3>4p
effector domain mutation and CRIB domain mutations and/
or deletions. Further genetic experiments that solidified the
physiological interactions between Giclp, Gic2p, and Cdc42p
included the observations that overexpression of the Gic2p
CRIB domain led to a dominant growth arrest that could be
suppressed by overexpression of Cdc42p but not Cdcd2™3>4p
(54); that the Agic2 mutation exacerbated the cdc42-1 and
cdc24-2 ts phenotypes (83); that overexpression of Cdc42p
suppressed the Agicl Agic2 ts phenotype (54, 83); that overex-
pression of the Rgalp GAP exacerbated the Agicl Agic2 ts
phenotype (83); that overexpression of Cla4p, but not Ste20p
or Skmlp, could partially suppress the Agic! Agic2 double
mutant (83); and that AgicI Agic2 Acla4 triple mutants had a
more severe cytokinesis defect than Acla4 mutants did (83).

The levels of Gic2p cycled through the cell cycle with an
accumulation during G, phase and a peak around the time of
septin ring formation ~15 min prior to bud emergence (54).
Cell cycle-dependent regulation of Gic2p levels has recently
been shown to be through ubiquitin-dependent degradation
shortly after bud emergence (237). This degradation required
the SCF (for “Skpl—cullin—F-box”)-Grr1 protein complex and
depended on the phosphorylation of Gic2p and the binding
of Gic2p to GTP-bound Cdc42p, suggesting that Cdc42p is
needed not only for Gic2p function but also for its degradation.
Subcellular localization of HA-tagged Giclp and Gic2p (54)
indicated that they were distributed to the site of incipient bud
emergence and to the tips of enlarging buds and mating pro-
jections in a pattern similar to that seen with Cdc42p (643).
However, analysis of GFP-Giclp localization revealed a more
complex picture (83). GFP-Giclp localized to the site of incip-
ient bud emergence in the mother and daughter progenitor
cells in early G, and to the tips of enlarging buds. It seemed to
disappear from the bud tip in medium- to large-budded cells
but appeared at sites adjacent to the mother-bud neck regions
in haploid cells, from which the bud would emerge in the next
cell cycle. In some large-budded cells, GFP-Giclp appeared in
a ring structure at the mother-bud neck region but did not
persist there after cytokinesis. Interestingly, there are differing
data concerning the role of the CRIB domains in Giclp and
Gic2p function and localization. Gic2p lacking its CRIB do-
main was unable to complement the Agic! Agic2 double mu-
tant, and HA-Gic2p lacking its CRIB domain was distributed
diffusely throughout the cytoplasm (54), suggesting that Gic2p
interactions with Cdc42p were necessary for proper function
and localization. The localization of GFP-Giclp, however, was
not dramatically altered upon deletion of its CRIB domain,
and expression of CRIB-deleted Giclp could still partially
suppress the Agicl Agic2 double mutant (83), suggesting that
interactions with Cdc42p are important but not essential for
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Giclp function and localization. These analyses of Giclp and
Gic2p function suggest that they play an important role in bud
site selection and actin organization through their interactions
with Cdc42p.

Zdslp and Zds2p. S. cerevisiae Zdslp and Zds2p were iden-
tified in multiple genetic screens (see below) including a screen
for negative regulators of Cdc42p function (42). The 915-ami-
no-acid Zdslp and the 942-amino-acid Zds2p exhibited ~42%
similarity and contained potential coiled-coil domains but did
not contain recognizable CRIB domains. Overexpression of
Zdslp reduced the restrictive temperatures of the cdc24-10
and cdc42-1 mutants, led to a large proportion of enlarged
unbudded cells when expressed in the cdc24-12 mutant, and
altered chitin and actin localization in haploid cells (42), rein-
forcing its potential role as a negative regulator of the cell
polarity pathway. Deletion of Zdslp or Zds2p singly had no
phenotypic effect (however, see below), but the Azds! Azds2
double mutant showed a reduced growth rate and a high per-
centage of elongated budded cells with a single nucleus and 2C
DNA content, indicating a defect in the apical-isotropic switch
and/or a G,/M cell cycle delay, suggesting that Zdslp and
Zds2p together are needed for cell cycle progression (42, 618).
Subcellular localization of a GST-Zds1p fusion protein by us-
ing anti-GST antibodies suggested that Zdsl1p localized to the
sites of incipient bud emergence as well as to tips of enlarging
buds and occasionally to the mother-bud neck region, suggest-
ing a colocalization with Cdc42p. However, it should be noted
that a direct interaction between Zdslp or Zds2p and Cdc42p
has not been reported.

In addition to the above-mentioned phenotypes, Zdslp was
identified in a number of other genetic screens (for examples,
see personal communications cited in references 42 and 618),
and including (i) as a multicopy suppressor of a cdc28-1N CDK
mutant, which had defects in promoting entry into mitosis
(618); (ii) as a suppressor of an ssd! hhtl double mutant
(HHT! encodes histone H3); (ii) as a multicopy suppressor of
the Asll and hsl7 mutants that were isolated by synthetic le-
thality with a histone H3 hhtl N-terminal deletion mutant
(341); and (iii) as a multicopy suppressor (HSTI) of the Ca**
and trifluoperazine sensitivities of an ssd/ mutant (567). Inter-
estingly, a Aswel deletion suppressed the Asll and hsl7 syn-
thetic lethal mutants and the G,/M delay observed in Aksll and
Azds] mutants (341, 398). Swelp is a CDK-inhibitory kinase
that phosphorylates Cdc28 on Y19 (48, 501) thereby inhibiting
Cdc28p kinase activity and resulting in a G,/M delay from a
novel morphogenesis checkpoint monitoring bud emergence
(313, 526) (see “S. cerevisiae” under “Functional studies” above).
Zdslp was shown to negatively control Swelp by altering its
cell cycle transcriptional regulation; a Azds mutant altered the
SWEI mRNA periodicity away from a peak in G,/S and de-
layed its repression in G, suggesting that Zds1p was involved
in repressing Swelp expression in G,/M (398). One possible
model, among many, would have Zds1p and Zds2p functioning
in combination with Cdc42p in regulating the Swelp protein
kinase at a morphogenesis checkpoint monitoring bud emer-
gence and elongation. The binding of Zds1p to Cdc42p at a key
time in the cell cycle, possibly after successful bud emergence
or the apical-isotropic switch, could down-regulate Swelp ac-
tivity, thereby inducing mitosis and cytokinesis. Clearly, more
experiments are needed to elucidate this interesting connec-
tion between Cdc42p, Zdslp, and Swelp.

Bemd4p/Rom7p. S. cerevisiae Bem4p was identified in three
separate screens as a multicopy suppressor of the cdc42-1 mu-
tant simultaneously overexpressing the SRO4 gene, as a mutant
that required multiple copies of CDC42 to grow, and as a
synthetic-lethal mutant with the cdc24-4 mutation (343). The
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allelic Rom7p was identified as a multicopy suppressor of a
dominant negative rhol mutant (221). In two-hybrid protein
studies, Bem4p was shown to interact with Cdc42p, Rholp,
Rho2p, and Rho4p, and it interacted equally well with the
Cdcd2°12Y Cdc42°°'E, and Cdc42P!84 constructs, suggesting
that it can interact with both GTP-bound and GDP-bound
Cdc42p. However, in vivo interactions between these proteins
have not been reported. Deletion of BEM4 led to cell invia-
bility at 37°C with a cellular morphology of large, round, un-
budded, multinucleate cells containing delocalized actin, and
this s phenotype could be suppressed by simultaneous over-
expression of both Cdc42p and Rholp. It should be noted,
however, that these phenotypes varied in different strain back-
grounds. Due to its ability to interact with multiple Rho-type
GTPases in S. cerevisiae, the physiological role for Bem4p is
elusive, but an interesting observation was that deletion of the
Rho-GDI, Rdilp, led to cell inviability in the presence of a
Abem4 mutation (unpublished results cited in reference 343),
suggesting that Bem4p and Rdilp, while showing no sequence
similarity to each other, may have overlapping functions in vivo.

70-kDa S6 kinase. The mammalian 70-kDa S6 kinase (pp705°%)
is involved in growth control, translation initiation, and pro-
gression through the G,/S phase of the cell cycle through its
phosphorylation of ribosomal protein S6 and the subsequent
translation of 5’ terminal oligopyrimidine tract-containing
mRNA (for reviews, see references 92, 238, and 557). The
pp705°* kinase activity is activated by a number of different
regulatory signals including growth factors, phorbol esters, and
cytokines, and this activation is inhibited by the immunosup-
pressant drug rapamycin, which functions through its binding
to the FK506 binding protein rapamycin-associated protein
FRAP (also known as RAFT and TOR), a PI 3-kinase-like
protein kinase (52, 53, 502, 503). The pp705°* kinase activity is
also activated by PI 3-kinase (82, 97, 401), and this activation is
blocked by the PI 3-kinase inhibitors wortmannin and
LY294002. Immunoprecipitated HA-tagged pp705°% from
NIH 3T3 and COS cells had in vitro kinase activity against
ribosomal protein S6 as a substrate, and this activity was en-
hanced by cotransfection with activated GST-Cdc42°'?V and
GST-Racl1®'?Y, but not GST-RhoA®'?Y, and by the Cdc42-
GEF Dbl and was inhibited by dominant negative Cdc42 and
Rac mutants (93), suggesting that activation of Cdc42p leads to
activation of pp705°* kinase activity. Cotransfection with acti-
vated GST-Cdc429'*Y and GST-Rac1°'?V constructs also in-
creased the phosphorylation of pp705°% necessary for its kinase
activity, and this activation was lost in the Cdc42™>* effector
domain mutant and in the Cdc42<'®S prenylation mutant,
suggesting that proper subcellular localization is necessary for
the interaction between Cdc42p and pp705°*. The growth
factor-induced activation of pp705°* activity seemed to be
independent of the activation of the JNK and p38 kinase
activities, but the Cdc42p-induced pp705°* activation was
blocked by the addition of rapamycin and wortmannin, sug-
gesting that FRAP and PI 3-kinase function in the activation
pathway.

E. coli-produced GST-GTPyS-Cdc42p fusion protein formed
an in vitro complex with pp705°* from NIH 3T3 cell extracts
and an in vivo complex in COS cells as assayed by GST affinity
chromatography and coimmunoprecipitation of HA-tagged
Cdc42p with endogenous pp705°* (93). This interaction and
subsequent activation of pp705°* activity was not seen with the
dominant negative Cdc42™”™ mutant protein and was lost in
the presence of the T35A mutation, suggesting that pp705° is
a physiological Cdc42p downstream effector that interacts with
the Cdc42p effector domain. Cdc42p bound to hypophosphor-
ylated pp705°* species and immunoprecipitated complexes did
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not have kinase activity, suggesting that Cdc42p binds to the
inactive pp703°%, This in vivo complex formation was resistant
to addition of wortmannin and rapamycin, suggesting that their
actions occur upstream or independent of Cdc42p-pp705°*
binding. Addition of cytochalasin D did not affect Cdc42p-
induced activation of pp705°* activity (reference 93 and data
not shown), suggesting that this Cdc42p pathway was indepen-
dent of actin-associated events. However, recent studies have
identified a neural tissue-specific F-actin binding protein termed
neurabin that can interact with both F-actin and pp705°* (60,
412). The physiological ramifications of Cdc42p-pp705°* inter-
actions are unknown, but they could play a role in Cdc42p-
dependent cell cycle progression or growth control (see “Mam-
mals” under “Functional studies” above).

Examination of the S. cerevisiae genome database does not
reveal the presence of a recognizable pp705°* species, but
S. cerevisiae does contain two FRAP homologs, named Torlp
and Tor2p (for a review, see reference 557). Both Torlp and
Tor2p are involved in rapamycin-sensitive translation initiation
and G, cell cycle progression (27), but Tor2p is also involved in
organization of the actin cytoskeleton (512), and this function
occurs through interactions with the Rom2p GEF for the
Rholp and Rho2p GTPases (510). A connection between the
S. cerevisiae Tor proteins and Cdc42p has not been described
to date.

Cdc42 AND HUMAN DISEASE

As detailed in the above sections, the analysis of Cdc42p
function in cultured mammalian cells and the characterization
of Cdc42p effectors and regulators suggest that Cdc42p func-
tions in a variety of human diseases through modulation of the
actin cytoskeleton and JNK-dependent transcriptional induc-
tion events (see above for references). First, the observations
that (i) Cdc42p is implicated in Ras-dependent cellular trans-
formation, (ii) injection of Cdc429'*Y-expressing cells into
athymic nude mice led to the formation of tumors, and (iii)
expression of the Cdc42"®" mutant protein led to cellular
transformation similar to that seen with expression of the db/
oncogene (a Cdc42p GEF) indicate that activation of Cdc42p
can lead to malignant transformation and that cdc42 is a bona
fide oncogene. It should be noted, however, that the presence
of activated Cdc42 alleles in human tumor cells has not been
reported to date. Second, the mammalian WAS proteins, en-
coded by the genetic locus responsible for the Wiskott-Aldrich
syndrome immunological disorder, bind specifically to GTP-
Cdc42p, but not to GTP-bound RhoA or Racl, and mediate
Cdc42p-actin interactions. Third, the polycystic kidney disease
I (PKD1) protein, which plays a role in autosomal dominant
polycystic kidney disease, was shown to induce c-Jun/AP-1
transcriptional activation through the activation of the Cdc42-
dependent JNK pathway. Fourth, the myotonic dystrophy ki-
nase-related Cdc42-binding kinase (MRCK) interacts with
Cdc42p in the regulation of actin rearrangements. Fifth, the
faciogenital dysplasia protein FGD1, which is encoded by the
genetic locus responsible for the X-linked developmental dis-
order Aarskog-Scott syndrome, is believed to be a Cdc42-spe-
cific GEF in vivo. Sixth, activation of the Nef-associated kinase
(NAK) was mediated through Cdc42p, suggesting that Cdc42p
plays a role in Nef-dependent HIV replication. Finally, the
Salmonella SopE protein acts as a GEF for Cdc42p, leading to
the actin rearrangements necessary for Salmonella invasion
of host epithelial cells. It is likely that Cdc42p will also play a
critical role in other human diseases that involve actin rear-
rangements or JNK pathway activation, and so a detailed un-
derstanding of Cdc42p structure and function could be invalu-
able in developing therapeutic strategies.
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CONCLUSIONS AND FUTURE RESEARCH
DIRECTIONS

The experimental results detailed in this review strongly
support a model in which Cdc42p interacts with multiple reg-
ulators and effectors to activate a variety of cellular processes.
It is interesting that Cdc42p has not been implicated as a neg-
ative or inhibitory factor in any cellular process; therefore, its
roles seem to be positive or stimulatory in nature. The two pri-
mary Cdc42-dependent pathways leading to actin rearrange-
ments and transcriptional inductions through protein kinase
signaling cascades seem to be conserved in most cell types ex-
amined. However, it is dangerous to extrapolate precise Cdc42p
functions or mutational phenotypes from one organism to an-
other, given, for instance, the differences in phenotypes seen
between analogous cdc42 mutants in S. cerevisiae and S. pombe
(see “Functional studies” above). It has been difficult to ad-
dress whether the downstream effectors that mediate these two
pathways are separate and independent or whether there is
substantial cross-talk between the physiological pathways. This
question should be vigorously addressed in the future.

It is unfortunate that despite all the detailed information we
have garnered about Cdc42 functions and interacting proteins,
we have little experimental data addressing the specific mech-
anism(s)-of-action for Cdc42p in these different cellular pro-
cesses. It seems likely that one of the major roles that Cdc42p
plays is in transducing exogenous and/or endogenous signals to
downstream effectors by specifically binding and localizing
these effectors to the appropriate subcellular locations so that
they can interact with further downstream components, in
much the same manner that Ras does with Raf. The formation
of these multiprotein complexes at discrete locations within the
cell in response to different signals could be a primary regula-
tory mechanism for the specificity of Cdc42p function within
different pathways. This hypothesis should be tested in the
future through the phenotypic analysis of different Cdc42p
effector domain mutations and their interactions with different
downstream effectors and through subcellular colocalization
studies with epitope-tagged or GFP fusion proteins. The ob-
servations that Cdc42p can function at several points in the cell
cycle adds an additional layer of complexity to understanding
these differential regulatory interactions, but analysis of differ-
ent effector domain mutations should provide some insight
into this aspect of Cdc42p function as well.

So what are the future research directions for deciphering
Cdc42p function? The answer to this question will be deter-
mined partly by the organism in which experiments are per-
formed. For instance, genetic and biochemical studies in S. cer-
evisiae and in cultured mammalian cells, and to a lesser extent
in S. pombe, have identified a myriad of Cdc42p regulators and
effectors, but only recently have experiments designed to test
specific protein-protein interactions and multiprotein complex
formation been performed. In addition, little is known about
the in vivo specificity of assorted GEFs, GAPs, GDIs, or down-
stream effectors or about the targeting mechanisms for Cdc42p
to the plasma membrane at sites of polarized growth in re-
sponse to different signals or at different times in the cell cycle.
Therefore, future experiments with these organisms will prob-
ably focus on these issues. Few Cdc42p effectors and regulators
have been identified or characterized in Drosophila and C. ele-
gans, and so these proteins must be isolated before detailed
mechanistic questions can be addressed. However, the mech-
anistic studies in yeast and mammalian cells should develop
useful paradigms that will allow for more defined questions to
be addressed in Drosophila and C. elegans. Interestingly, no
bona fide Cdc42p homologs have been identified in fungal
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systems outside of the unicellular yeast or in plant systems,
although multiple Rac homologs have been identified (118,
319, 563, 598). Given the high degree of cellular polarization
seen in fungal and plant cell growth patterns, it would be
surprising if Cdc42p homologs did not exist and were not
involved in these processes. Finally, given the recent determi-
nation of the NMR and X-ray crystal structures of Cdc42p and
Cdc42p complexed with one of its GAPs, future molecular
modeling studies could provide valuable insight into the effects
of various loss-of-function, gain-of-function, and effector do-
main mutations on Cdc42p structure and function and its in-
teractions with downstream effectors and regulators. The much
anticipated NMR and/or X-ray crystal structure determina-
tions of Cdc42p complexed with a downstream effector or GEF
or GDI should greatly enhance our knowledge of the mecha-
nisms of action of these proteins. All in all, the explosion of
research centered on Cdc42p over the past 5 to 10 years has
only served to whet our appetite for more details, which will
certainly be forthcoming in the very near future.
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